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Abstract
Consumers in marine and estuarine environments have a strong reliance
on planktonic and benthic primary production. These two basal resources form
the foundation of aquatic food webs, yet the abundance of phytoplankton and
benthic algae are frequently inversely related due to competition for light and
nutrients. As a result, optimal habitats for benthic and planktonic consumers vary
spatially and temporally. To investigate these trends, three studies were
conducted focusing on light attenuation and basal resources in a bay, river, and
on a continental shelf.
δ13C and δ15N stable isotopes can be used as endogenous tracers to
determine both the trophic level and basal resource use of consumers. δ13C
values of primary producers are determined by the isotopic values of available
CO2 and by the degree of photosynthetic fractionation (εp) that occurs during
photosynthesis. εp by aquatic algae is greater in high CO2 concentrations, high
light, during slow growth rates, and for cells with a small surface area to volume
ratio.
Interaction among these parameters complicates prediction of algal εp in a
natural setting, prompting the investigation as to which factors would impact εp
and δ13C in a dynamic estuary. Community-level fractionation of an assemblage
of filamentous algae, pennate diatoms, and centric diatoms grown on glass
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plates was found to be positively correlated with photosynthetically active
radiation (PAR), resulting in higher δ13C values for organic matter in low-light
conditions. These results support the concept that the low-light benthic
environment may contribute to the widely observed phenomenon of ~5‰ higher
δ13C values in benthic algae compared to phytoplankton.
Spatial and temporal variability in the isotopic baseline provides evidence
of shifting biogeochemical controls on primary production. The West Florida Shelf
in the eastern Gulf of Mexico transitions from a eutrophic ecosystem near the
Mississippi River to an oligotrophic ecosystem in offshore continental shelf
waters. Spatiotemporal variability in the δ13C and δ15N signatures of primary
producers and fish populations were examined along this gradient. Muscle δ15N
from three widely distributed fish species exhibited strong longitudinal isotopic
gradients that coincided with the principal trophic gradient, whereas δ13C values
of fish muscle and benthic algae were correlated with depth. The three fish
species had relatively high site fidelity, as isotopic gradients were consistent
between seasons and years. Isotopic mixing models showed all three fish
species had a significant reliance on benthic algae as a basal resource.
Dynamic models of the West Florida Shelf isotopic baseline were created
using spatial data and satellite-derived water quality characteristics as predictors.
Models were constructed using data from three fish species and tested on four
other species to determine if the models could be extrapolated to new taxa. Both
dynamic and static δ15N models had similar predictive capabilities, indicating a
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fairly stable δ15N baseline. The satellite-derived dynamic variables explained
more variation in baseline δ13C than static spatial descriptors.
Planktonic primary production can directly impact benthic food chains
through phytoplankton deposition. A novel phytoplankton deposition detection
method that combined water-column and benthic fluorometry with surficial
sediment sampling was developed and assessed in a two-year study of the
Caloosahatchee River estuary. Classifications based upon this detection method
showed phytoplankton deposition dominated the upstream region and deposition
was associated with reduced dissolved oxygen concentrations. Benthic algae
dominated in downstream regions, particularly during low freshwater flow
conditions when light absorption by colored dissolved organic matter was low.
This same Caloosahatchee River estuary study was used to determine if
zooplankton aggregate in regions with optimal basal resource availability. The
isopod Edotia triloba was found to associate with chlorophyll peaks when
freshwater velocity was constant. Chlorophyll peaks were offset downstream or
upstream from isopod aggregations when freshwater flow was accelerating or
decelerating, implying that phytoplankton and isopods have different response
times to changes in flow.
Temporal and spatial fluctuations in water quality and primary production
introduce instability to aquatic consumers that primarily rely on one basal
resource. The current global trends in eutrophication and increasing planktonic
production are likely to be a liability for benthic consumers due to increased
benthic hypoxia and light attenuation. The results of these studies indicate that
x

both the location of consumers and their isotopic signatures can be impacted by
factors, such as light attenuation, that control benthic and planktonic primary
production.

xi

Chapter 1. Introduction

1.1 Aquatic basal resources
The high rates of primary productivity in estuaries and continental shelves
sustain productive ecosystems. Two important primary producers that support
estuarine and coastal consumers are the living and detrital forms of
phytoplankton and benthic algae (Haines and Montague 1979; Thomas and
Cahoon 1993; Deegan and Garritt 1997; Okey and Mahmoudi 2002). Vascular
aquatic plants such as Spartina and seagrasses can be important food sources
to select consumers in estuaries and salt marshes (Haines and Montague 1979;
Peterson et al. 1985; Deegan and Garritt 1997). However, epiphytic and benthic
algae generally exceed vascular plants with regards to rates of primary
productivity and consumption by estuarine consumers (Moncreiff et al. 1992;
Moncreiff and Sullivan 2001). Similarly, benthic algal biomass in continental-shelf
waters may equal or exceed that of phytoplankton production, providing an often
overlooked biomass pathway that supports fish and other consumers (Cahoon
and Cooke 1992; MacIntyre et al. 1996; Cahoon 2006; Gattuso et al. 2006).
Detrivores feed on decaying organic matter that can originate from all of the
aforementioned primary producers (Haines and Montague 1979; Okey and
Mahmoudi 2002). Most estuarine consumers show little reliance on terrestrial
1

organic matter as a basal resource, relying instead on locally produced aquatic
primary production (Simenstad and Wissmar 1985; Deegan and Garritt 1997).
Terrestrial runoff in both estuarine and coastal waters imparts temporal
instability to nutrient concentrations, light attenuation, and water residence times
that affect the relative dominance of planktonic and benthic primary producers
(Sand-Jensen and Borum 1991; Snow and Adams 2007; Baustian et al. 2011).
Benthic and planktonic primary production are often inversely related due to
competition for light and nutrients (Sand-Jensen and Borum 1991; Cahoon and
Cooke 1992; Vadeboncoeur et al. 2003). Plankton thrive in eutrophic waters, but
high concentrations attenuate PAR, thus hindering the growth of benthic primary
production.
The variable dominance of planktonic and benthic basal resources often
propagates to higher trophic levels through stabilizing linkages that constitute
bentho-pelagic coupling (Vander Zanden and Vadeboncoeur 2002; Rooney et al.
2006). The beneficiaries of this propagation are variable, with some species
being more resilient than others in their responses to basal resource instability.
Benthic invertebrate consumers tend to be larger and longer-lived than their
planktonic counterparts, allowing them to better endure temporal instabilities
(Odum 1969; Rooney et al. 2006). Thus, while the planktonic pathway may have
higher turnover rates and productivity-to-biomass ratios, benthic pathways may
afford more trophic stability to consumers (Rooney et al. 2006; van der Molen
and Perissinotto 2011).

2

1.2 Stable isotope ecology
1.2.1 Introduction to stable isotopes
Stable isotopes are endogenous tracers that can be used to determine
trophic levels, basal resource use, and origins of organic matter. The studies
presented here focus on the stable isotopes of carbon (12C and 13C) and nitrogen
(14N and 15N). The extra neutron in stable isotopes lowers the zero-point energy
of atomic bonds, thus slightly more energy is required for dissociation (Sharp
2007). Therefore, biogeochemical processes such as photosynthetic carbon
fixation or nutrient absorption discriminate against the heavier atoms, resulting in
measurable isotopic fractionation. Stable isotopic values are presented in
standard delta notation in units per mil (‰), such that

δA(‰) = [(Rspl / Rstd) – 1] × 1000

(1.1)

where δA is δ15N or δ13C and Rspl and Rstd are the isotopic ratios of the sample
and standard. δ13C is reported relative to the Pee Dee Belemnite standard and
δ15N is reported relative to atmospheric nitrogen.
During photosynthesis, the lighter 12C isotope is preferentially utilized for
carbon fixation over 13C, resulting in lower δ13C values of photosynthate relative
to ambient CO2. Photosynthetic fractionation (εp) is calculated as

εp = (δ13CCO2 – δ13COM ) / (1 + δ13COM / 1000)

3

(1.2)

where δ13CCO2 and δ13COM are the δ13C values of dissolved aqueous CO2 and
plant organic matter, respectively (Freeman and Hayes 1992; Burkhardt et al.
1999).
Measurements of a single isotope can be used to calculate linear mixing
models from two known endmembers. Given the isotopic values of two sources A
and B (δ13CA and δ13CB), the proportion that source A contributes (αA) to a
mixture with an isotopic signature of δ13CM can be calculated as follows (Phillips
and Gregg 2001):

αA = (δ13CM – δ13CB) / (δ13CA – δ13CB)

(1.3)

In this manner, the isotopic signature of an animal feeding on two food sources
with distinct isotopic values can be used to determine the relative dietary
importance of each food source (Post 2002).

1.2.2 Stable isotopes in food web studies
Isotopic mixing models can be used to determine which primary
producers form the base of a food chain because benthic algae, phytoplankton,
C3 and C4 plants have distinctive δ13C signatures (Smith and Epstein 1971;
DeNiro and Epstein 1978; Haines and Montague 1979). Primary and secondary
consumers generally rely on one basal resource, while higher consumers may
integrate energy pathways (Rooney et al. 2006). Plant δ13C values differ due to
variable δ13C values of available CO2, the magnitude of εp, and photosynthetic
4

pathways (Peterson and Fry 1987; Goericke et al. 1994; Sharp 2007). Marine
phytoplankton δ13C values are widely variable, but average around -22 to -20‰
(Haines and Montague 1979; Peterson and Fry 1987; Goericke et al. 1994).
Mean δ13C values of terrestrial C3 plants are around -27‰; the C4
photosynthetic pathway results in less εp, so C4 plants average around -13‰
(Smith and Epstein 1971; Peterson and Fry 1987; Sharp 2007). Benthic algae
δ13C values are, on average, ~5‰ higher than phytoplankton (France 1995; Doi
et al. 2010). This difference is often attributed to diminished εp due to restricted
diffusion of CO2 through a stagnant boundary layer (France 1995), although
limited light availability at depth may also be an important contributor to this
phenomenon (Rost et al. 2002). The factors influencing εp are discussed in detail
in Chapter 2.
δ13C values alone are sufficient for basal resource mixing model
calculations if there are two primary producers with distinct δ13C signatures, for
instance C3 vs. C4 plants or phytoplankton vs. benthic algae (Post 2002).
Studies designed to examine the significance of three primary producers may
use a second isotope, such as δ15N (Phillips and Gregg 2001). The δ15N
signature of marine primary producers depends on nutrient source, fractionation
during biological processes, and the degree to which primary productivity
decreases available nutrient supplies (Kendall et al. 2001; Sigman and Casciotti
2001; Graham et al. 2010). The principle sources of nitrogen for primary
producers in the ocean are terrestrial runoff, nitrogen fixation, atmospheric
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deposition, and recycling of remineralized organic nitrogen (Sigman and Casciotti
2001; Montoya 2007).
The trophic enrichment factor (∆13C or ∆15N) quantifies the degree to
which consumers are enriched relative to their food source. ∆13C is typically 01‰ per trophic level while ∆15N averages around 3-3.4‰ (Peterson and Fry
1987; Post 2002). These ranges are averages from multiple taxa; trophic
enrichment factors vary depending on environment, diet, taxon, and tissue type
(McCutchan et al. 2003; Caut et al. 2009). The relatively large ∆15N enables
nitrogen isotopes to be used as indicators of trophic level, while the small ∆13C
facilitates the use of δ13C as an indicator of basal resource dependence.

1.3 Light attenuation
Light and nutrient availability are the two growth-limiting factors for aquatic
primary production (Rhee and Gotham 1981). The availability of
photosynthetically active radiation (PAR) to aquatic primary producers is affected
by latitude, season, cloud cover, surface reflectance, and attenuation within the
water column (Kirk 1994). PAR is attenuated underwater by absorption and
scattering of phytoplankton, colored dissolved organic matter (CDOM),
suspended particulates, and water molecules (Kirk 1994). The vertical light
attenuation coefficient for downward irradiance (Kd) is defined as the change in
downward irradiance, Ed, over change in water depth, dz (Kirk 1994):

Kd = -d ln Ed / dz

(1.4)
6

At the light compensation point, there is sufficient PAR available such that
the rates of respiration and photosynthesis are equal (Kirk 1994; Hader et al.
1998). At light levels below this compensation point, respiration dominates
community metabolism. As light levels increase, rates of photosynthesis will also
increase up to a maximum rate; when photosynthesis ceases to increase in spite
of increasing PAR, the system has achieved its photosynthetic capacity (Kirk
1994). Photoinhibition may occur if primary producers decrease rates of electron
transport in response to excess radiation, thus decreasing rates of
photosynthesis in high irradiances (Kirk 1994; Hader et al. 1998).
In Case 1 waters, phytoplankton and their by-products are primarily
responsible for hydrologic optical properties (Morel and Prieur 1977; Babin et al.
2003). In Case 2 waters, other substances of terrestrial or fluvial origin such as
CDOM and suspended sediments may influence optical properties independent
of phytoplankton. All three of these attenuating factors tend to be elevated in
coastal waters that are affected by fluvial outflows (Kirk 1998; Babin et al. 2003;
Baustian et al. 2011).
While the euphotic zone is traditionally defined as 1% of surface
irradiance, certain types of benthic algae can extend to depths with only 0.50.01% surface irradiance (Markager and Sand-Jensen 1992). Benthic micro and
macroalgae taxa can grow in irradiances lower than 0.5 E m-2 d-1 and have been
found at depths greater than 260 m (Markager and Sand-Jensen 1992; Gattuso
et al. 2006). However, the mean maximum depth for benthic algae is 55 m
7

(Gattuso et al. 2006). It is estimated that ~30% of the area on continental shelves
have sufficient light to support benthic primary production (Gattuso et al. 2006).
The seasonal offset between maximum planktonic production and maximum
benthic algal production are linked to both nutrient availability and light
attenuation by phytoplankton shading the benthos (Cahoon and Cooke 1992;
Baustian et al. 2011).
PAR not only controls the abundance of aquatic primary producers, but it
can also impact the magnitude of εp and therefore δ13C values. εp increases in
high irradiance conditions in laboratory studies (Riebesell et al. 2000; Rost et al.
2002). This trend is complex to study as light is often the limiting factor for algal
growth rates, yet εp decreases in high growth rates. These opposing influences
make it difficult to elucidate the impact of PAR and growth rate on εp in a natural
setting where both of these factors may vary simultaneously. Understanding the
relationship between PAR and εp may help to explain commonly observed
differences in δ13C values of benthic algae compared to phytoplankton.
Additionally, spatiotemporal variability in the many factors impacting εp also
cause variability in δ13C values of primary producers within the same basal
resource category, introducing error into basal resource calculations.

1.4 Outline of dissertation
The following dissertation has five research components from three
separate studies conducted in a bay, estuary, and continental shelf. These
experiments examine planktonic and benthic basal resource dynamics with
8

special emphasis on stable isotope ecology and light attenuation. Due to the
diverse nature of these experiments, scientific background and objectives are
presented individually within the introductions for each chapter. The chapters of
the dissertation are as follows:

Chapter 1: Introduction
Bayboro Harbor study
Chapter 2: Light-environment effects on carbon isotope fractionation by
aquatic microalgae in an estuarine environment
West Florida Shelf study
Chapter 3: Stable isotope trends on a trophic gradient; the importance of
benthic algae to continental-shelf fish species
Chapter 4: A dynamic model for baseline δ13C and δ15N values on the
West Florida Shelf
Caloosahatchee River estuary study
Chapter 5: Detection and classification of phytoplankton deposits along an
estuarine gradient
Chapter 6: Staggered responses of phytoplankton and benthic isopods to
acceleration of freshwater flow
Chapter 7: Conclusion
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Chapter 2. Light-environment effects on carbon isotope fractionation by
aquatic microalgae in an estuarine environment

2.1 Introduction
Photosynthetic carbon isotope fractionation (εp) by aquatic microalgae
occurs both during uptake of CO2 into the cell and during carbon fixation by the
enzyme ribulose bisphosphate carboxylase-oxygenase (Rubisco) (Goericke et al.
1994). Numerous experiments have been conducted to isolate causes of
variation in εp by aquatic microalgae. These experiments have shown that algal
growth rate, aqueous CO2 concentration [CO2(aq)], cell geometry (surface area
to volume ratio) and light intensity can each cause substantial variations in εp
(Laws et al. 1997; Popp et al. 1998; Rost et al. 2002). Simultaneous variation and
interaction among these potentially influential factors complicates the explanation
and prediction of εp (Bade et al. 2006). This raises the question as to which of
these pertinent responses dominates under natural conditions.
Experiments in the field and laboratory have often shown higher growth
rates result in lower εp (Fry and Wainright 1991; Laws et al. 1995; Riebesell et al.
2000). Increased growth rate is theorized to reduce εp because the high demand
for carbon inside the cell results in the eventual utilization of the heavier 13C. It is
also frequently documented that εp is greater in high [CO2(aq)] (Hollander and
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McKenzie 1991; Freeman and Hayes 1992; Pancost et al. 1997). This
relationship helps to explain the low δ13C values of plankton at higher latitudes,
as [CO2(aq)] increases due to greater CO2 solubility at colder temperatures (Rau
et al., 1989). Combining the effects of growth rate and [CO2(aq)] summarizes
carbon supply and demand within the cell: demand for CO2 is highest when
[CO2(aq)] is low and growth rates are high, and high demand is associated with
reduced εp (Laws et al. 1995; Bidigare et al. 1997).
Additional factors influencing carbon supply and magnitude of algal εp are
species composition and boundary-layer thickness. Surface area:volume ratios of
algal cells affect rates of supply and demand for intracellular carbon, and nutrient
or carbon uptake strategies vary between algal species (Fry and Wainright 1991;
Pancost et al. 1997; Popp et al. 1998; Burkhardt et al. 1999). In the thin stagnant
boundary layer between algal cells and the water column, CO2 and HCO3- are
transported by molecular diffusion rather than by turbulent transfer (Smith and
Walker 1980; France 1995). Algae remove CO2 during photosynthesis, resulting
in lower [CO2(aq)] within the boundary layer compared to the water column.
Light has also been shown to have a positive relationship with εp. This
trend is difficult to study as light and growth rate are inherently linked yet have
opposing effects on εp, creating offsetting trends that may mask relative
contributions to εp (Riebesell et al. 2000; Rost et al. 2002). Under controlled
laboratory conditions, both the coccolithophore Emiliania huxleyi and the marine
diatom Phaeodactylum tricornutum exhibited greater εp under high-light
conditions (Riebesell et al. 2000; Rost et al. 2002). Continuous light also resulted
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in greater εp by diatoms and Emiliania huxleyi compared to algae grown in
shorter photoperiods (Burkhardt et al. 1999; Rost et al. 2002).
Light is thought to influence algal εp through the carbon concentrating
mechanism (CCM), as the ATP yielded during photochemical reactions may
provide the energy needed for active uptake of inorganic carbon (Riebesell et al.
2000; Rost et al. 2002). The CCM increases the concentration of inorganic
carbon within the cell (Burns and Beardall 1987), resulting in greater isotopic
discrimination during carbon fixation (Rost et al. 2002; Rotatore et al. 1992). The
CCM could operate by several possible pathways: active uptake of CO2, uptake
of HCO3- with intracellular conversion to CO2 via various carbonic anhydrases, or
by extracellular conversion of HCO3- to CO2 followed by diffusive or active uptake
of CO2 (Burns and Beardall 1987; Hayes 1993; Laws et al. 1997). If cells actively
uptake HCO3- rather than CO2, the inorganic carbon source will have higher δ13C
values due to the equilibrium fractionation between CO2 and HCO3- in seawater
(Mook et al. 1974).
On average, the δ13C value of benthic algae is ~5‰ higher than
phytoplankton in shallow marine waters, providing an isotopic tracer for
differentiating between consumption of planktonic and benthic basal resources
(France 1995; Doi et al. 2010). Unlike the previously discussed laboratory
experiments investigating εp, isotopic studies of basal resource use rarely isolate
unique species of phytoplankton or benthic algae. Instead, diverse assemblages
of benthic microalgae or particulate organic matter are analyzed collectively
(Haines and Montague 1979; Thorp et al. 1998; Kharlamenko et al. 2001).
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The δ13C signature of these communities depends upon species
composition and the magnitude of εp by primary producers within the
assemblages. Interaction among potentially influential parameters complicates
prediction of algal εp in a natural setting (Riebesell et al. 2000; Bade et al. 2006).
This study investigates community-level fractionation (ε’p) between aqueous CO2
and an organic matter assemblage representative of a benthic algal community.
The objective of the present experiments was to determine if organic matter
accumulation rate, algal composition, light, or [CO2(aq)] dominate control of ε’p
and δ13C values in a dynamic estuarine setting.

2.2 Methods
2.2.1 Experimental setup
The apparatus in Fig. 2.1 was deployed in an average total water
depth of 2.7 m in Bayboro Harbor on the western side of Tampa Bay, Florida
(27.760°N, 82.633°W). Bayboro Harbor receives terre strial runoff from largely
residential areas within metropolitan St. Petersburg. Variable freshwater input
and occasional stratification at the study site provide diverse water conditions in
which to study the factors influencing carbon fractionation. The small, triangular
bay is surrounded by buildings on three sides and is relatively protected from the
stronger wind, waves, and currents in Tampa Bay. The depth at which the plates
were suspended was constant, as the buoyant containers rose and fell with the
0.3-0.7 m tide.
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Figure 2.1 Apparatus used to accumulate algae-dominated organic matter at
constant depths in the water column. Average water depth was 2.7 m. Plategrowing surfaces were approximately oriented along the northwest-southeast
axis.

Six 5-8 day deployments of this apparatus (experiments) were conducted
during an eight-week period from May 13, 2009 to July 7, 2009 that coincided
with the typical annual transition from the late winter/spring dry season to the
summer rainy season. At the start, middle, and end of each week-long
experiment, vertical water-quality profiles were obtained using a multisensor
platform. All measurements were made between 9:00 and 11:30 am EDT with
the exception of two bad-weather days (during experiment 1) when
measurements were made in the early afternoon.
The multisensor platform included a pre- and post-calibrated YSI sonde
(6920V2-2) for measuring temperature, salinity, chlorophyll fluorescence, depth,
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and pH. A WET Labs ECO Triplet on the platform provided profiles of CDOM
fluorescence (Ex/Em of 370/460 nm), and a Walz Diving-PAM fluorometer
contained a PAR sensor. A remotely controlled, stainless-steel well pump was
used to collect water samples from ~0.2, 0.85, and 1.5 m depths for water
analyses and instrument calibration.
Because the instrument readings, water samples, and organic matter data
were obtained using different temporal and depth resolutions, high frequency (1
Hz) sampling values from the sonde and ECO Triplet were averaged from the
start, middle, and end of each experiment (5-8 days) to represent average
conditions at the five depths occupied by the glass plates. This enabled
comparison of average water-column data with organic matter data at the same
depth resolution.
At the end of each experiment, the glass plates were removed from the
water and replaced by new glass plates so no material would be retained
between experiments. The accumulated growth was examined by light
microscopy to visually estimate percent cover on the glass plate by centric
diatoms, pennate diatoms and mucilage, filamentous algae, and cnidarian
polyps. The percent coverage values for each organism type were binned into 6
cover-classes in order to compensate for error associated with visual estimation,
reflecting methods used for classification of vegetation canopy coverage
(Daubenmire 1959; Floyd and Anderson 1987). Percent coverage ranges for the
cover-classes were 0-5, 5-25, 25-50, 50-75, 75-95, and 95-100% coverage. The
midpoints of the cover-classes (2.5, 15, 37.5, 62.5, 85, 97.5) were used to
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describe coverage of each organism type. Midpoints were treated as a
quantitative rather than categorical variable in statistical analyses.

2.2.2 Isotopic analyses
The accumulated organic matter was scraped off individual glass plates
using a glass microscope slide, acidified with 0.1 M HCl to remove inorganic
carbon, and thoroughly rinsed with DI water onto a 35 µm Nitex mesh sieve.
Biomass in the retained fraction (>35 µm) was dried at 50°C for 48 hours and
homogenized using a mortar and pestle. Net organic matter accumulation rate
(AOM) of the >35 µm size fraction was calculated as µg dry weight cm-2 d-1.
Bulk 13C/12C was measured in duplicate using an elemental analyzer
connected to a Thermo-Finnigan Delta plus XL isotope ratio mass spectrometer
(IRMS). Mass spectrometer precision was ±0.09‰ (average standard deviation
of NIST 1570a spinach leaves).
As this study focuses on community-level stable isotopic analysis, carbon
fractionation is denoted as ε’p in order to clarify that this fractionation factor is
determined from δ13C values of an algae-dominated community, rather than pure
photosynthetic fractionation by isolated phytoplankton cells (εp). ε’p calculations
were modeled after εp (see Eqn 1.2).
Water samples for δ13C values of dissolved inorganic carbon (δ13CDIC) were
fixed with HgCl2 solution and stored in sealed glass stoppered containers without
headspace. A 12 ml exetainer containing 3 drops of phosphoric acid (H3PO4) was
sealed and purged with helium. 1 ml of sample was added via syringe and the
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headspace was allowed to stabilize for 13 hours at room temperature before
measurement. A sample of CO2 was carried via a Thermo Finnigan Gas Bench II
to the IRMS. δ13CCO2 was calculated from δ13CDIC using the equation

δ13CCO2 = δ13CDIC + 23.644 – (9701.5 / Tk)

(2.1)

where Tk is the in-situ water temperature in degrees Kelvin (Mook et al. 1974;
Rau et al. 1996).

2.2.3 Water quality analyses
Water samples for calculation of [CO2(aq)] were fixed with HgCl2 solution
and stored in sealed glass stoppered containers without headspace. 20 ml of
sample was acidified with 10 ml of 3M H3PO4 and the concentration of total
dissolved inorganic carbon (CT) was then measured by coulometer (UIC CM
5014) against certified reference materials (CRM) from the laboratory of A.
Dickson of Scripps Institute of Oceanography. The standard deviation for CRM
CT measurements was ±7.5 µmol kg SW -1. Akalinity (AT) was measured using
bromocresol purple in the method described by Yao and Byrne (1998) on an HP
8453 spectrometer. The AT standard deviation for CRM measurements was ±1.5
µmol kg SW -1.
[CO2(aq)] was calculated from CT and AT for 47 water samples using the
CO2SYS Excel program of Pierrot et al. (2006) and the dissociation constants of
Mehrbach et al. (1973) as modified by Dickson and Millero (1987). The
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uncertainty for calculated [CO2(aq)] was determined by Monte Carlo simulation
of CRM measurements. The standard deviations of CT and AT mentioned above
were used to create normally distributed CT and AT data sets; the MATLAB
version of CO2SYS was then used to calculate CRM [CO2(aq)] 100,000 times
based upon these distributions of CT and AT. The standard deviation of the
calculated [CO2(aq)] values was 0.7 µmol kg SW -1 (±4.4%).
Accurate AT data were not available for two water samples due to
excessive addition of acid during the alkalinity titration; in these cases [CO2(aq)]
was calculated from CT and YSI pH measurements. For six additional samples
[CO2(aq)] was calculated from AT and pH, rather than CT, due to poor coulometer
performance on the day these samples were analyzed. On days when pH was
used for [CO2(aq)] calculations, post-calibration accuracy of the YSI pH sensor
was 7.02 ±0.06 pH units. The pH from the YSI sonde was calibrated on the total
pH scale by comparing YSI pH values to total scale pH calculations from CT and
AT using CO2SYS. Temperature changes were accounted for by increasing the
pH by 0.0143 units for every 1°C decrease in temper ature between in situ and
laboratory calibration conditions. YSI pH was lowered by 0.138 units in order to
minimize the residual sum of squares between YSI pH values and total scale pH
values calculated in CO2SYS.
Water samples for nutrient analysis were filtered through a 20 µm
membrane filter and frozen; all samples were analyzed within six months. Nitrate
+ nitrite, silicate, ammonium, and phosphate were measured on a TechniconAutoanalyzer II segmented flow analyzer according to Gordon et al. (1993).
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Water samples for CDOM calibration were immediately filtered through 0.2
µm nylon membrane filters and frozen until analysis. Absorbance (A(λ)) was
measured from 200 to 800 nm wavelengths (λ) in a 10 cm cuvette on a Perkin
Elmer Lambda 18 or Lambda 25 spectrometer. Absorption coefficients (a(λ), in
units of m-1) were calculated as

a(λ) = 2.303 × A(λ) / L

(2.2)

where L is the cuvette path length (10 cm). Absorption at 700 nm was subtracted
to produce null-corrected absorption. CDOM fluorescence readings from the
ECO Triplet were calibrated against a(440). The exponential slope of the
absorption curve (S) was calculated as

a(λ) = a(λ0) × exp( -S(λ - λ0))

(2.3)

where λ = 600 nm and λ0 = 400 nm.
Chlorophyll samples were immediately filtered onto GF/F glass microfiber
filters and frozen at -80°C until extraction. Chlor ophyll concentration was
determined fluorometrically (Holm-Hansen and Riemann 1978). Filters were
extracted in 10 ml of methanol over 24 hours in a freezer, sonicated for 30
seconds, centrifuged for 5 minutes, and fluorescence was measured on a Turner
Designs 10-AU fluorometer.
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2.2.4 Calculation of PAR
Direct PAR measurements in the water column were obtained using the
Diving-PAM, but were not used for analysis due to interference from variation in
water-surface smoothness, patchy cloudiness, and irregular shading by the other
instruments. Instead, HydroLight version 5 (Mobley and Sundman 2008) was
used to calculate depth-specific vertical light attenuation coefficients (Kd) for the
sampling dates in the experimental time period.
The HydroLight model was run for Case 2 waters; see HydroLight 5
technical documentation for details on Kd calculation (Mobley and Sundman
2008). Default water absorption (Pope and Fry 1997) and scatter coefficients
(Morel 1974) were used in the HydroLight model. Average mass-specific
chlorophyll and detrital absorption coefficients were obtained from spectral data
from Bayboro Harbor during May-July of 2004 and 2005 (Du 2005). Backscatter
for chlorophyll and mineral components were based upon Gordon and Morel
(1983) HydroLight defaults. Depth-specific chlorophyll concentrations and CDOM
absorptions at 400 nm, calibrated as mentioned above, were included in the
model. The absorption spectra for CDOM were provided using date-specific
slopes (Eqn 2.3).
Light attenuation of PAR, Kd(PAR), was calculated at zenith in the
HydroLight model and adjusted hourly according to solar angle:

Kd’(PAR) = Kd(PAR) / cos(θ)

(2.4)
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where θ is the zenith angle of light underwater (Kirk 1994). Location-specific PAR
was calculated for each daylight hour during the experiments. These values were
compared to above-water measurements from the Diving-PAM PAR sensor on
cloudless days to ensure they were within a similar range. This PAR value was
reduced for the percentage of cloud cover based on values from Kirk (1994);
cloud data were obtained from a nearby meteorological station at Albert Whitted
Airport in St. Petersburg. Surface reflectance was calculated for each hour from
Fresnel’s equation of reflectance using the solar angle (Kirk 1994). Depthspecific PAR was calculated from these values using Kd’(PAR) for every hour and
integrated throughout the day, resulting in total PAR per day (E m-2 d-1). Daily
PAR was averaged for each 5-8 day experiment.

2.2.5 Statistical analyses
To determine which variables explained the most variability in ε’p, factors
known to influence photosynthetic fractionation were included in a generalized
linear regression. Included variables were PAR, [NO3+NO2+NH4], AOM /
[CO2(aq)], and cover classes for pennate diatoms, centric diatoms, and
filamentous algae. Inorganic N:P was <4 throughout the experiments; thus [PO4]
was not included in model selection. The Akaike Information Criterion (AIC) was
calculated for models containing all possible combinations of variables, and the
model with the lowest (best) AIC value was selected (Richards 2005). All
statistical analyses were performed using Statgraphics Centurion XVI.

21

2.3 Results
2.3.1 Environmental conditions
During the experimental period in 2009, there was an irregular transition
from dry to rainy seasons; significant rainfall occurred earlier than usual during
mid May, followed by little rainfall during early June (Fig. 2.2). As a result, water
quality and light conditions in Bayboro Harbor were highly variable during the
period of study.

Figure 2.2 Weather conditions during experimental time period. Daily rainfall
(black bars) and percent daily cloud cover during daylight hours (circles) from
data recorded at nearby Albert Whitted Airport in St. Petersburg, Florida.

Freshwater runoff resulted in variably stratified conditions at the
experiment site, with intermittent occurrence of a low salinity surface layer with
high nutrient and CDOM concentrations (Fig. 2.3). The concentrations of CDOM,
nitrate + nitrite, ammonium and silicate exhibited significant positive correlations
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with each other and were negatively correlated with salinity (see Table 2.2 for
nutrient concentrations). [CO2(aq)] was higher in lower salinity surface waters
(linear regression, R2 = 0.31, slope p <0.01).

Figure 2.3 Depth-time kriged contours for water quality and environmental
conditions at the experiment site. Black points identify the spatial and temporal
resolution of measurements or calculations. Black bars above dates identify the
durations of the six experiments.
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δ13CDIC and δ13CCO2 values were also lower in the surface layer (Table
2.1), presumably due to remineralized terrestrial organic matter. The magnitude
of these vertical water-quality fluctuations was reduced when averaged over the
5-8 day experiments (Table 2.1).
Table 2.1 Summary data for water-column and organic matter analyses. PAR
values are the averages of calculated daily integrated PAR. Water-column
parameters are averages of 3-4 measurements made at the start, middle, and
end of each experiment.
Date
(2009)

May 1321

May 29June 5

June 512

June 1219

June 1924

July 1-7

depth

PAR

AOM

δ CDIC

δ CCO2

δ COM

ε’p

[CO2]
(aq)

m

E
-2
m
-1
d
33.8
28.6
24.2
20.5
17.4
46.6
40.4
35.1
30.4
26.4
39.3
33.9
29.2
25.2
21.7
43.4
36.5
30.7
25.9
21.8
46.1
38.4
32.1
26.7
22.3
35.4
29.8
25.1
21.1
17.8

µg
-2
cm
-1
d
6.55
4.90
3.46
2.82
2.02
4.74
8.35
7.35
8.28
5.27
1.27
2.45
1.82
1.45
1.70
2.27
3.48
0.84
1.75
0.74
1.62
2.32
2.36
1.73
1.35
0.77
0.52
0.76
0.93
0.97

‰

‰

‰

‰

µmol
-1
kg SW

psu

pennate
diatom
cover
class
%

-3.09
-2.45
-1.82
-1.81
-1.81
-2.23
-2.17
-2.10
-2.04
-2.11
-2.18
-1.97
-1.76
-1.75
-1.74
-1.96
-1.88
-1.79
-1.80
-1.80
-2.18
-1.91
-1.64
-1.65
-1.67
-2.96
-2.61
-2.27
-2.21
-2.16

-11.77
-11.12
-10.47
-10.47
-10.46
-10.83
-10.76
-10.69
-10.69
-10.69
-10.68
-10.46
-10.24
-10.23
-10.22
-10.29
-10.21
-10.13
-10.14
-10.15
-10.48
-10.20
-9.93
-9.94
-9.95
-11.44
-11.06
-10.67
-10.62
-10.57

-20.17
-19.65
-19.75
-17.19
-20.02
-21.38
-20.89
-21.61
-20.90
-21.19
-21.78
-21.47
-21.83
-18.79
-21.59
-23.65
-22.08
-20.96
-21.20
-18.72
-23.51
-22.43
-21.45
-18.12
-19.22
-23.46
-22.90
-22.52
-22.19
-22.08

8.57
8.70
9.46
6.84
9.75
10.78
10.34
11.15
10.43
10.73
11.35
11.24
11.84
8.72
11.62
13.68
12.14
11.06
11.30
8.73
13.34
12.51
11.78
8.33
9.45
12.31
12.12
12.12
11.84
11.78

20.7
18.5
16.4
17.0
17.6
20.0
19.2
18.3
18.1
17.9
17.0
16.0
15.0
14.8
14.5
17.0
15.6
14.2
14.6
15.1
17.8
16.2
14.7
14.6
14.6
18.7
17.1
15.5
15.7
15.9

23.0
27.5
32.0
32.4
32.8
32.0
32.1
32.1
32.2
32.4
31.1
31.6
32.2
32.3
32.4
32.3
32.3
32.4
32.4
32.4
31.4
32.0
32.5
32.6
32.7
25.8
28.4
30.9
31.0
31.2

85
97.5
97.5
97.5
97.5
85
85
85
85
97.5
85
85
85
97.5
85
15
15
62.5
62.5
62.5
37.5
37.5
62.5
62.5
97.5
15
37.5
37.5
37.5
37.5

0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
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salinity

Calculated PAR in the water-column varied as a result of cloud cover (Fig.
2.2) and light attenuation by CDOM and phytoplankton (Fig. 2.3). The range of
Kd(PAR) was 0.30 to 1.11 m-1 during the experiments, which is consistent with
light attenuation values in previous Tampa Bay studies (McPherson and Miller
1994). Average PAR during the experiments ranged from 33.8 to 46.6 E m-2 d-1
at the depth of the shallowest plate (0.2 m) and from 17.4 to 26.4 E m-2 d-1 at the
deepest plate (1.52 m) (Table 2.1). Average calculated irradiance was
consistently high enough to support marine or freshwater algae (see review by
Kirk 1994).

2.3.2 Microalgal growth
Organic matter on the glass plates visible under light microscopy included
pennate and centric diatoms, diatom mucilage, filamentous algae, and
occasional cnidarian polyps; these taxa are representative of the benthic
microalgal community (Cahoon 1999). During the first half of the study (May 13
to June 12, 2009), pennate diatoms dominated with small contributions by centric
diatoms and filamentous algae (cover-classes for pennate diatoms were 75-95%
or 95-100%, see Table 2.1). During the second half of the study (June 12 to July
7, 2009), coverage on the glass plates was dominated by both pennate diatoms
and filamentous algae, with minor contributions by centric diatoms and cnidarian
polyps (see Table 2.2).
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Table 2.2 Additional summary data for water-column and organic matter
analyses. Concentrations of nitrate + nitrite, ammonium, phosphate, silicate,
absorption at 400 nm by colored dissolved organic matter (CDOM), temperature,
and spatial coverage by filamentous algae and centric diatoms. Water-quality
parameters are averages of 3-4 measurements made at the start, middle, and
end of each experiment.
Date
(2009)

May 13-21

May 29June 5

June 5-12

June 1219

June 1924

July 1-7

depth

[NO3+
NO2]

[NH4]

[PO4]

[SIL]

CDOM
a(400)

m

µM

µM

µM

µM

m

0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52
0.2
0.53
0.86
1.19
1.52

6.07
4.55
3.02
3.00
2.97
2.98
2.93
2.87
2.93
2.98
2.75
2.57
2.39
1.98
1.57
0.76
0.80
0.84
0.70
0.56
2.54
1.75
0.96
0.74
0.53
3.42
2.36
1.30
1.17
1.04

3.25
2.30
1.36
1.95
2.54
1.52
1.29
1.07
2.21
3.36
0.81
0.70
0.59
1.50
2.40
0.72
0.56
0.40
0.26
0.13
2.10
1.46
0.82
0.58
0.33
3.04
2.50
1.97
1.92
1.88

2.33
2.34
2.35
2.45
2.54
2.50
2.47
2.43
2.55
2.67
2.28
2.33
2.39
2.34
2.30
2.64
2.68
2.72
2.60
2.48
2.80
2.84
2.87
2.78
2.69
2.83
2.93
3.03
3.07
3.10

16.74
13.76
10.78
12.14
13.50
15.26
15.40
15.54
17.49
19.44
7.81
7.18
6.55
8.36
10.17
2.54
2.51
2.48
2.49
2.49
5.33
4.59
3.85
3.67
3.49
21.24
20.84
20.43
20.99
21.55

2.59
1.84
1.08
1.06
1.04
1.02
1.00
0.97
0.96
0.95
1.18
1.04
0.91
0.91
0.91
0.98
0.94
0.90
0.90
0.90
1.17
1.05
0.93
0.91
0.89
1.62
1.37
1.12
1.10
1.08
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-1

temperature

filamentous
algae cover
class

°C

%

centric
diatom
cover
class
%

26.93
26.88
26.82
26.86
26.91
27.72
27.77
27.83
27.84
27.85
28.59
28.69
28.79
28.79
28.80
30.24
30.21
30.18
30.15
30.12
30.60
30.63
30.65
30.67
30.68
28.90
29.21
29.51
29.52
29.53

2.5
2.5
2.5
2.5
2.5
15.0
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
62.5
37.5
15.0
15.0
15.0
62.5
37.5
37.5
15.0
2.5
85.0
37.5
15.0
37.5
37.5

2.5
2.5
2.5
2.5
2.5
2.5
15
15
2.5
2.5
15
2.5
2.5
2.5
15
15
2.5
2.5
2.5
2.5
15
15
15
15
2.5
2.5
15
37.5
2.5
2.5

Figure 2.4 Organic matter accumulation rate (AOM) as a function of [CO2(aq)] (a),
and photosynthetically active radiation (PAR) (b). Dotted lines indicate 95%
confidence limits for estimated means.

AOM peaked during the early weeks of the collective experimental period
(Table 2.1), coinciding with the initial pulses of nutrients into Bayboro Harbor.
AOM was positively correlated with [NO3+NO2+NH4] (linear regression, R2 = 0.22,
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slope p <0.01) and with [CO2(aq)] (R2 = 0.43, slope p <0.001) as shown in Fig.
2.4a. The relationship between AOM and PAR was marginally insignificant (p =
0.088, see Fig. 2.4b).

2.3.3 Carbon fractionation
ε’p did not correlate with [CO2(aq)] or AOM (slope p values 0.71 and 0.20,
respectively). In laboratory studies, growth rate and [CO2(aq)] are frequently
paired as a ratio to represent the relative supply and demand of CO2 for primary
producers (Laws et al. 1995; Bidigare et al. 1997; Popp et al. 1998); AOM /
[CO2(aq)] also did not demonstrate a significant relationship with ε’p (p = 0.21,
see Fig. 2.5a). The nature of the experiments did not permit calculation of
specific growth rate (µ) as there was no initial biomass on the clean glass plates.
Thus, these results are not quantitatively comparable to the µ / [CO2(aq)] metric
frequently used in laboratory experiments to explain variation in εp. ε’p was
negatively correlated with pennate diatom cover class (see Fig. 2.5b) and the
sum of both pennate and centric diatom cover classes (R2 = 0.37, p<0.001). ε’p
was positively correlated with filamentous algae cover class (R2 = 0.42, p =
0.0001). PAR was significantly correlated with both ε’p (Fig. 2.5c) and δ13COM
(Fig. 2.5d).
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Figure 2.5 Factors influencing carbon fractionation (ε’p) and organic matter δ13C.
ε’p as a function of organic matter accumulation rate (AOM) / [CO2(aq)] (a), spatial
dominance by pennate diatoms (b), photosynthetically active radiation (PAR) (c)
and δ13COM as a function of PAR (d). Dotted lines indicate 95% confidence limits
for estimated means.

Out of the variables PAR, [NO3+NO2+NH4], AOM / [CO2(aq)], and the three
algal cover-classes, the best model for explaining variation in ε’p contained a
constant and terms for variation in PAR and pennate diatom cover class. This
model had the lowest (best) AIC score and explained 56% of the variability in
observed εp (see Fig. 2.6; R2 = 0.56, adjusted R2 = 0.53). Among the 10 models
with the best AIC scores, PAR was selected in 6 cases and pennate diatom
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cover class was selected in 8 cases. The variance inflation factor was low in the
two-term model (VIF = 1.09), indicating multicollinearity did not substantively
interfere with this relationship. PAR and pennate diatom cover class were not
significantly correlated (p = 0.13). Data from the first week was omitted and the
multiple regression analysis was repeated in order to determine that the first
week, with its associated high nutrient concentrations and low ε’p, was not driving
the relationship. The results from this multiple regression were ε’p = 11.26 –
0.03Pennate + 0.05PAR (R2 = 0.51, p <0.001).

Figure 2.6 Performance of a multiple regression model to predict carbon
fractionation of organic matter (ε’p) as a function of PAR and pennate diatom
cover class.

30

2.4 Discussion
2.4.1 Dominant controls of photosynthetic fractionation
ε’p ranged from 6.84 to 13.68‰ among individual glass plates. This range
is much lower than the maximum photosynthetic fractionation of ~25‰ (Popp et
al. 1998), yet low photosynthetic fractionation is not unusual for aquatic
microalgae (Hollander and McKenzie 1991; Rost et al. 2002; Bade et al. 2006).
Of the relevant parameters influencing ε’p, the algal cover classes and PAR had
the strongest independent relationships (Fig. 2.5). Species-specific variation in
photosynthetic fractionation is well documented, particularly as a result of the
surface area-to-volume ratios that regulate intracellular CO2 availability (Pancost
et al. 1997; Popp et al. 1998). Diatoms often exhibit lower photosynthetic
fractionation and higher δ13C values compared to other marine algae, likely due
to high growth rates and large cell sizes (Fry and Wainright 1991; Popp et al.
1998).
As previously mentioned, the relationship between PAR and
photosynthetic fractionation can be difficult to detect due to correlations between
growth rate and PAR and their opposing influence on fractionation (Riebesell et
al. 2000; Rost et al. 2002). In our experiments, AOM had a stronger correlation
with nutrients and [CO2(aq)] than with PAR, which likely facilitated our detection
of the positive relationship between PAR and ε’p.
Among individual glass plates, ε’p had a range of 6.84‰. While PAR was
one of the strongest explanatory variables in these in situ experiments, the
average amount of PAR-related variation in fractionation (~3‰ according to Fig.
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2.5c) can be even greater in laboratory studies. Riebesell et al. (2000) observed
a 4-8‰ increase in εp by Phaeodactylum tricornutum under light-saturated,
nutrient-limited conditions compared to light-controlled, nutrient-replete
conditions. Variation in photoperiod yielded a similarly large effect, with εp values
4-6‰ larger for diatoms grown under continuous light compared to algae grown
under a 16:8 h light:dark cycle (Burkhardt et al. 1999).

2.4.2 Sources of variability in natural settings
The relatively low R2 values for significant correlations (Fig. 2.5b and c)
are likely influenced by the inherent variability of a natural setting. Stratification in
the water column and the presence of a high nutrient, high CDOM surface layer
resulted in correlations among variables, making it difficult to isolate the effects of
a single parameter. Other studies in natural environments have also had difficulty
predicting εp and deriving significant correlations due to multiple covariations
among relevant parameters (MacLeod and Barton 1998; Bade et al. 2006). The
organic matter that accumulated on the glass plates included multiple taxa with
inherently variable rates and mechanisms of carbon uptake, membrane
permeability, and cell geometry. The community-level focus of this study modifies
the traditional approach used in laboratory studies from µ and εp to AOM and ε’p.
Different species of algae have variable εp vs. µ / [CO2(aq)] slopes (Popp et al.
1998), so AOM / [CO2(aq)] may not have a clear relationship with fractionation
when multiple taxa are involved. Some studies have found the εp vs. µ /
[CO2(aq)] slope to be non-linear (Laws et al. 1997; Cassar et al. 2006); non32

linear models between ε’p and AOM / [CO2(aq)] also did not have significant
relationships.
Organic matter on the glass plates were exposed to grazing, which likely
influenced organic matter biomass and AOM. The plates were not covered or
shielded from primary consumers to avoid barrier effects on CO2(aq) and shading
of ambient light. Filamentous algae may have caused secondary shading of other
algal growth on the glass plates; this factor was not incorporated into calculations
of the light environment. AOM may have been impacted by the length of time the
plates were left in the water if accumulation rates were exponential rather than
linear. Additionally, the acidification and rinsing procedure used to remove
inorganic carbon may not have completely removed all diatom mucilage or
bacteria, and may have resulted in the loss of algal cells smaller than 35 µm or
cellular contents of algal cells that may have burst during the process.
The lack of a significant correlation between ε’p and [CO2(aq)] may also
be affected by the need for higher temporal resolution when monitoring diel
cycles. At a Tampa Bay location 18.5 km distant from the Bayboro Harbor site
used in this study, Yates et al. (2007) observed a mean diel pCO2 fluctuation of
218.1 µatm. Over the course of this 8 week study, which was conducted in a
more semi-enclosed location than the Yates et al. study, pCO2 fluctuated by
353.6 µatm. With the exception of two days, all sampling measurements for
these experiments were made between 9:00 and 11:30 am, EDT, near the daily
peak in [CO2(aq)] (Yates et al. 2007). The significant daily variation in pCO2
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documented by Yates et al. highlights the need for high-resolution sampling in
order to fully analyze the relationship between [CO2(aq)] and ε’p.

2.4.3 Implications for trophic studies
The reason for the ~5‰ higher δ13C values in benthic algae compared to
phytoplankton is often attributed to the boundary-layer effect (Smith and Walker
1980; France 1995). In the present experiments, the organic matter was
accumulated on glass plates; any difference in thickness of the boundary layer
surrounding the plates would be the result of variable water velocity, turbulence,
or thickness of organic matter accumulations (Smith and Walker 1980; Vogel
1994). It is possible that the shallowest plate may have been exposed to higher
water velocity due to surface-water motion. However, the experiments were
conducted in a sheltered harbor that was shielded from the winds and waves of
Tampa Bay. Diffusion of CO2 may have been restricted during periods of rapid
organic matter accumulation due to cell overlap or mucus buildup. However,
there was no correlation between AOM and ε’p (linear regression slope p = 0.20).
The correlations between both ε’p and δ13COM with PAR in this study
suggest light limitation may significantly contribute to the observed global offset
between δ13C values of phytoplankton and benthic algae. δ13COM values among
individual glass plates varied by 6.5‰, which is greater than the average 5‰
difference between δ13C values of benthic algae and phytoplankton (France
1995; Doi et al. 2010). Variability within the isotopic baseline presents challenges
for trophic studies, as the ranges of δ13C values for planktonic and benthic
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biomass may overlap, complicating calculations of basal resource use and
introducing noise in isotopic mixing models (Casey and Post 2011). The
observed range of variation in δ13COM values reinforces the need for adequate
spatial and temporal sampling to establish the baselines used in bulk-isotope
trophic studies.

2.4.4 Summary and conclusions
Carbon fractionation is inherently difficult to predict for an amalgam of
species in a natural setting; the best model in this study explained just 56% of
variability in ε’p. The results presented here are consistent with light and species
effects being active in determining ε’p and δ13C values of aquatic primary
producers. The variability in the δ13C values of benthic algae should be taken
into consideration when interpreting δ 13C baseline differences between benthic
and planktonic basal resources. Correlations between carbon fractionation and
PAR, both in the present study and in laboratory research, provide an additional
explanation for the global offset between δ 13C values of phytoplankton and
benthic algae.
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Chapter 3. Stable isotope trends on a trophic gradient; the importance of
benthic algae to continental-shelf fish species
3.1 Introduction
Continental shelves (depths <200 m) constitute only 7% of ocean area, yet
have disproportionately high rates of primary productivity and support over 90%
of the global fish catch (Cahoon 1999; Pauly et al. 2002). The biomass of benthic
primary production on continental shelves may equal or exceed primary
production within the water-column, providing an important source of organic
matter to marine consumers (Thomas and Cahoon 1993; MacIntyre et al. 1996;
Cahoon 2006). The extent of this benthic contribution may vary seasonally,
particularly in eutrophic waters influenced by river discharge (Baustian et al.
2011).
Stable isotopes are useful endogenous tracers to study food webs and
nutrient sources. However, marine δ13C and δ15N baselines are spatially
heterogeneous, necessitating sampling across wide spatial scales and during
multiple time periods to determine which primary producers support consumers
(Casey and Post 2011). Isoscapes are maps that depict geographic variability in
stable isotopes (West et al. 2010). They can be used to study utilization of basal
resources (primary producers), trophic level, or to trace the origins and
migrations of animals (Graham et al. 2010; Hobson et al. 2010). Empirical
36

isoscapes have been created for marine plankton (Graham et al. 2010) and
plankton δ13C has been modeled at global scales (Hofmann et al. 2000).
Consumers provide a time-averaged isotopic signal that is more stable than that
of primary producers (Post 2002), yet very few isoscapes have been created
using marine fish populations (Graham et al. 2010).
Many studies have found δ13C and δ15N spatial gradients in primary
producers, consumers, or organic matter in surface sediment on continental
shelves. Both marine and freshwater studies have found depth gradients in
baseline δ13C values, with higher δ13C values occurring in shallower waters (Fry
1988; Cooper and DeNiro 1989; Casey and Post 2011; Nerot et al. 2012). The
origin of these depth gradients has been attributed to variations in factors such
as light availability, rates of primary productivity, diatom abundance, or algal
uptake of respired CO2. Spatial gradients in δ15N have also been found in
continental shelf waters, reflecting changes in nutrient source and availability due
to upwelling and/or enriched δ15N in fluvial sources (Schell et al. 1998; Alt-Epping
et al. 2007; Nerot et al. 2012). Although the specific mechanisms affecting δ15N
gradients on continental shelves vary, the root of this common global
phenomenon is often linked to transitions between eutrophic or mesotrophic
conditions to oligotrophic waters (Casey and Post 2011; Nerot et al. 2012).

3.1.1 Factors influencing marine δ15N and δ13C baselines
The δ15N baseline in marine systems depends on nutrient source,
fractionation during biological processes, and the degree to which primary
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productivity decreases available nutrient supplies (Kendall et al. 2001; Montoya
2007; Graham et al. 2010). The principal inputs of “new” nitrogen into the ocean
are terrestrial runoff, nitrogen fixation, and atmospheric deposition (Sigman and
Casciotti 2001; Montoya 2007). Nitrogen fixation by diazotrophs such as the
cyanobacterium Trichodesmium exhibit minimal fractionation from atmospheric
N2, resulting in fixed δ15N close to 0‰ (Montoya 2007; Graham et al. 2010).
Deep-water nitrate δ15N is around 4-6‰ and zooplankton δ15N ranges 0-9‰ in
the Atlantic Ocean (Peterson and Fry 1987; Graham et al. 2010). δ15N of
nutrients and particulate organic matter (POM) in terrestrial runoff varies widely
with land use and biological transformations (Kendall et al. 2001). High δ15N
values in fluvial nitrate (e.g., >6‰) are often associated with sewage and
manure. In addition to inputs of new nitrogen into the ocean, the availability of
nitrogen for uptake by phytoplankton is also impacted by sedimentation of
organic matter, remineralization, upwelling of deep ocean water, and
denitrification (Sigman and Casciotti 2001; Montoya 2007). If all available nitrate
is taken up by phytoplankton, δ15N values of phytoplankton will reflect the nitrate
signature. If phytoplankton only partially incorporate the pool of nitrate, then
phytoplankton δ15N will be lower due to an average fractionation of 5‰ during
nitrate uptake (Montoya 2007).
δ13C values of phytoplankton are influenced by the magnitude of
photosynthetic fractionation (εp) and the isotopic signature of aqueous dissolved
inorganic carbon (DIC) (Hofmann et al. 2000; Liu et al. 2007). On a regional
scale, marine POM δ13C is generally higher in regions with more primary
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productivity and associated high growth rates (Graham et al. 2010). δ13C of the
detrital component of POM is affected by mixing with terrestrial carbon sources
and remineralization of organic matter (Kendall et al. 2001; Liu et al. 2007). δ13C
of terrestrial plants is highly variable but averages around -28‰, while average
marine phytoplankton is -20 to -22‰ (Peterson and Fry 1987).

3.1.2 Basal resources and trophic enrichment
Phytoplankton and benthic microalgae and macroalgae are the primary
basal resources available for consumers on continental shelves (Thomas and
Cahoon 1993; Okey and Mahmoudi 2002; Cahoon 2006). Seagrasses and
terrestrial organic matter were not incorporated into mixing models as basal
resources. While seagrasses are commonly present in shallow, nearshore
Florida waters (Okey and Mahmoudi 2002), sampling in this study was
conducted in deeper offshore waters. Although rivers are a large source of
terrestrial organic matter to continental shelves, evidence of terrestrial organic
matter decreases rapidly in sediments on Gulf of Mexico continental shelves due
to mixing with marine organic matter (Hedges and Parker 1976). Previous
isotopic studies have shown that even when terrestrial organic matter is readily
available, most estuarine consumers show little reliance on it as a basal resource
(Simenstad and Wissmar 1985; Deegan and Garritt 1997).
The ~5‰ difference between plankton and benthic algae provides an
endogenous isotopic tracer for determining the relative importance of planktonic
vs. benthic basal resources (France 1995; Cherel and Hobson 2007). Whereas
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analysis of stomach contents provides specific data on the last meal consumed
by a fish, stable isotopic analysis provides an averaged dietary composite of the
last few weeks to several months of the individual’s life. The dietary timeframe
reflected in stable isotopic composition depends upon species-specific and
tissue-specific turnover rates, which vary with growth and metabolism (Nelson et
al. 2011). The present study focuses on muscle from adult fish, for which halflives are on the order of several months to over a year in slow-growing species
(Hesslein et al. 1993; Nelson et al. 2011).
The degree to which consumers are enriched relative to their food source
is quantified by the trophic enrichment factor (∆13C or ∆15N). Average ∆13C
ranges 0-1‰ per trophic level while ∆15N is typically around 3-3.4‰ (Peterson
and Fry 1987; Post 2002). These ranges are averages of multiple taxa; trophic
enrichment factors vary depending on environment, diet, taxon, and tissue type
(McCutchan et al. 2003; Caut et al. 2009). Fish muscle ∆13C has been found to
be slightly higher than these average values at 1.5-2.3‰ (Pinnegar and Polunin
1999; Sweeting 2007; Caut et al. 2009), while ∆15N for fish are slightly lower at
2.3-3.0‰ (Pinnegar and Polunin 1999; Vanderklift and Ponsard 2003; Caut et al.
2009).
The West Florida Shelf (WFS), located in the eastern Gulf of Mexico, has
a trophic gradient from a highly eutrophic, river-dominated ecosystem associated
with the Mississippi River and Mobile Bay watersheds to oligotrophic shelf waters
and coral-reef habitats in the Florida Keys region (Rabalais et al. 1996; Del
Castillo et al. 2001). The present study examines the degree of spatiotemporal
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variability in the δ13C and δ15N signatures of primary producers and fish
populations along this gradient. The goals of this study were to determine if this
shift from eutrophic to oligotrophic waters is reflected in the δ13C and δ15N
signatures of primary producers and consumers, and to calculate the basalresource dependences of widely distributed demersal fish species. Relatively
strong dependence on benthic algae by individual fish species can be expected
to become a liability as continental shelf waters become increasingly eutrophic
and light limited (Caddy 2000).

3.2 Methods
3.2.1 Survey area
The WFS is a broad, gently sloping continental shelf (Fig. 3.1) that
receives seasonally variable inputs of terrestrial nutrients and CDOM. High
volumes of nutrients present in Misssissippi River discharge lead to high primary
productivity and seasonal anoxic zones on the continental shelf west of the WFS
(Baustian et al. 2011). While much of the discharge from the Mississippi River is
carried westward, some parcels of nutrient-rich water are carried east and then
south along the WFS by wind-forcing and the Gulf of Mexico loop current (Walker
1996; Del Castillo et al. 2001). Chlorophyll concentrations are elevated within the
Mississippi River plume and in coastal waters along peninsular Florida (Del
Castillo et al. 2001). While fluvial inputs are the primary source of nutrients to the
WFS, diazotrophs such as Trichodesmium and upwelling are important nutrient
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sources in the oligotrophic southern regions of the WFS (Rabalais et al. 1996;
Del Castillo et al. 2001; Okey and Mahmoudi 2002; Mulholland et al. 2006).

Figure 3.1 Spatial extent of sampling on the West Florida Shelf during three time
periods. Open circles are trawling sites from summer 2009, crosses are from
summer 2010, and filled circles are from fall 2010. Isobaths are shown at 200 m
intervals.

3.2.2 Target species
Calamus proridens (littlehead porgy), Syacium papillosum (dusky
flounder), and Synodus foetens (inshore lizardfish) were selected as target
sample species due to their abundance and wide distribution on the WFS. The
brightly colored C. proridens is a benthic invertebrate feeder that associates with
structures such as reefs and hard-bottom in relatively shallow waters (Darcy
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1986; Okey and Mahmoudi 2002). S. papillosum is a drably colored benthic
invertebrate feeder that is commonly found on sand-dominated substrates (Okey
and Mahmoudi 2002). S. foetens is a solitary benthic predator that is also found
on sandy bottoms (Okey and Mahmoudi 2002). S. foetens primarily feeds on
demersal and pelagic fish species, and shows ontogenetic shifts towards larger
prey items with increasing length (Cruz-Escalona et al. 2005).
Samples of benthic algae were obtained from the stomachs of the
variegated sea urchin, Lytechinus variegatus. Primarily found on sand in offshore
waters, these urchins are omnivorous yet exhibit dietary selectivity for algae over
animals (Cobb and Lawrence 2005). L. variegatus feeds randomly on the
species of algae available, including drift algae.

3.2.3 Sample collection
Samples were obtained during Southeast Area Monitoring and
Assessment Program (SEAMAP) shrimp and groundfish cruises, which are part
of a state/federal program designed to collect fisheries-independent monitoring
data. Fish and sea urchins were obtained by deploying 12.8 m otter trawls
according to a stratified-random sampling design, with randomization conducted
independently for each cruise. Samples were collected from three time periods:
July 10-30 2009, June 27 to July 14 2010, and October 16 to November 12 2010.
These time periods are hereafter referred to as summer 2009, summer 2010,
and fall 2010. Standard lengths of the three target species were recorded and a
lateral muscle sample was collected midway between the dorsal and caudal fin
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and frozen at sea. Fish muscle was later scraped away from skin, scales, and
blood vessels. Stomach linings and contents of the sea urchin L. variegatus were
removed, avoiding roe, and frozen. Due to the difficulty of isolating
phytoplankton, a small size fraction of POM containing both phytoplankton and
detritus was used as a proxy to determine the isotopic baseline (Graham et al.
2010). For POM samples, a bucket of surface water was pre-filtered through a
125 µm filter to remove most zooplankton biomass. Water was then filtered
through pre-combusted GF/F filters using a peristaltic pump at 10 psi and the
filters were frozen. The amount of water filtered varied due to variable
phytoplankton concentrations in inshore and offshore waters.

3.2.4 Stable isotope analysis
Sea urchin stomach contents, which contained algae, calcium carbonate
and silicious sand grains (quartz), were separated from stomach linings and any
animal tissues. Stomach contents were soaked in 0.5 N HCl for 24 hours with
additional acid added after 12 hours. The algae were poured off the top of the
sample, leaving behind settled quartz sand. Algae were rinsed and soaked in DI
water for 1 hour. For 17 urchins, stomach contents were divided into two samples
to test the effect of the acidification procedure on algal δ15N; the control samples
were soaked in DI water instead of HCl. POM filters were rinsed with DI water to
remove salt and were cut in half. Half of the filter was acidified with 0.5 N HCl
and rinsed with DI water.
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All isotope samples were dried for 48 hours at 55◦C. Fish and algae
samples were homogenized into powder using a stainless steel ball mill. 13C/12C
and 15N/14N were measured in duplicate on an Elemental Analyzer and Isotopic
Ratio Mass Spectrometer (EA-IRMS Thermo Finnigan Delta plus XL) at a
precision of 0.18‰ (average standard deviation of NIST 1570a spinach leaves).
Lipid correction was not necessary as the C:N ratio of all fish muscle
samples were below 3.5, thus lipid content was below 5% (Post et al. 2007).
Within fish species, a correction for ontogenetic shifts in trophic level was applied
if there was a significant correlation between δ15N or δ13C and the length of the
fish (i.e., if linear regression slope p <0.05 using data from all time periods). This
trend removal used the equation

δX’ = δX – (ml + b) + δXm

(3.1)

where δX’ is the corrected δ15N or δ13C value, δX is the original isotopic value for
a fish of standard length l, and δXm is the mean of all δX from a species. The
slope m and intercept b are from species-specific linear regressions δX = ml + b.

3.2.5 Calculation of trophic level
Due to spatial and temporal variability, data used for calculation of trophic
levels and basal resource utilization were restricted to a focus area with a small
depth range where samples were available from both primary producers and all
three fish species. Only data north of 27 ºN, east of 85.3 ºW, depths 10-30 m,
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and from sample collection periods in summer or fall of 2010 were used for these
calculations. Data from summer of 2009 were not used because POM samples
were not collected. Trophic levels (TL) were calculated using the following
equation (after Post 2002):

TL = 1 + (δ15Nfish – δ15Nprod) / ∆15N

(3.2)

where δ15Nfish and δ15Nprod are the mean isotopic compositions of fish muscle
tissue and primary producers, respectively. δ15N of benthic algae and POM
varied by <1‰ for the region utilized to determine trophic level, so an averaged
value was used for δ15Nprod. 2.3‰ was used as the enrichment per trophic level
(∆15N); 2.3‰ is the average trophic enrichment for aquatic organisms as
determined by McCutchan et al. (2003).

3.2.6 Calculation of basal resource use
The relative contributions by benthic algae and phytoplankton as basal
resources (αBA and αPOM, respectively) were calculated using a two-source
mixing model (Phillips and Gregg 2001; Post 2002) that also incorporated δ13C
enrichment per trophic level (∆13C):

αBA = ((δ13Cfish – (TL – 1) × ∆13C) – δ13CPOM) / (δ13CBA – δ13CPOM)
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(3.3)

The end members δ13CPOM and δ13CBA are the average isotopic values of POM
and benthic algae, respectively. The contribution of phytoplankton as a basal
resource was therefore αPOM = (1 – αBA). Isoerror version 1.04 (Phillips and
Gregg 2001) was used to determine standard error of αBA based upon the
standard deviation within the focus area. This estimate of standard error does not
reflect uncertainty associated with ∆13C or trophic level. Although some studies
assume ∆13C = 0 when calculating basal resource use (Post 2002; McCutchan et
al. 2003), in the present study δ13C of fish muscle was always higher than POM
or benthic algae, necessitating the inclusion of ∆13C in basal resource calculation.
∆13C of 1.5‰ was utilized in Eqn 3.3, reflecting the average ∆13C for fish muscle
as determined by Sweeting (2007).

3.2.7 Isoscapes
Isoscapes were created using Surfer version 8.06.39. Ordinary point
kriging was used with the default linear variogram model and no drift. Most trawl
locations had 2-3 individuals of each species; their isotopic values (lengthcorrected, if applicable) were averaged for the creation of isoscapes. No nugget
effect was specified in order to display small-scale spatial variation; the gridding
method was an exact interpolator for the averaged data at each sampling
location. Statistical analyses were performed using Statgraphics Centurion XVI.
For all spatial statistics, isotopic values of fish caught at the same station and at
the same time were treated as duplicates and averaged to avoid
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pseudoreplication. All presented means are the grand means of average isotopic
values from sampling stations.

3.3 Results
Over 800 samples of the target fish species and primary producers were
collected and analyzed from water depths 9.0-102.4 m (Fig. 3.1, Table 3.1). The
acidification procedure used to remove calcium carbonate from sea urchin
stomach contents did not significantly alter algal δ15N (paired t test, n = 17, t = 1.04, p = 0.31).

Table 3.1 Sample distribution for fish, benthic algae, and particulate organic
matter (POM).

Time collected

Sample type

δ N
n

15

δ C
n

Summer 2009
July 10-30

C. proridens
S. foetens
S. papillosum
benthic algae
C. proridens
S. foetens
S. papillosum
benthic algae
surface POM
C. proridens
S. foetens
S. papillosum
benthic algae
surface POM

64
104
183
32
56
71
72
31
24
60
51
69
22
13

64
104
183
32
56
71
72
31
31
59
51
69
22
17

Summer 2010
June 27July 14

Fall 2010
October 16November 12

13

Number
of
stations
22
36
61
16
25
39
39
17
34
23
27
36
14
17

Standard
length
range (cm)
14.4-23.4
12.0-36.0
6.1-30.0
12.4-26.6
17.5-35.8
9.0-24.1

7.8-25.8
16.5-41.2
12.4-24.2

Station
depth range
(m)
9.1-34.8
9.0-82.3
10.1-96.9
9.0-34.8
14.6-42.1
12.8-62.2
12.8-82.3
11.0-60.4
11.0-75.0
13.0-53.0
11.7-47.6
11.7-102.4
11.3-34.7
11.3-53.0

Correlations between fish length and isotopic values are presented in
Table 3.2 along with the equations used to detrend data for size-associated shifts
48

in trophic level (Eqn 3.1). All data presented in this manuscript utilize lengthdetrended isotopic values.

Table 3.2 Correlations between fish standard length (l, in cm) and muscle
isotopic values.

Fish species
C. proridens
S. foetens
S. papillosum

Stable
isotope
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C

n

Pearson’s r

p-value

Trend removal equation

182
181
226
226
324
324

0.432
-0.006
0.111
0.467
0.167
0.185

<0.0001
0.932
0.094
<0.0001
0.003
0.0008

δ N = 8.30 + 0.07×l
none
none
13
δ C = -19.29 + 0.08×l
15
δ N = 8.28 + 0.05×l
13
δ C = -18.50 + 0.06×l

15

The focus area 27.0 to 29.7 ºN and -82.5 to -85.3 ºW (outlined region in
Fig. 3.2a) was extensively sampled during all three time periods. For the three
fish species, differences in grand mean isotopic values among the three surveys
were <0.5‰ for δ15N and ≤0.7‰ for δ13C (Fig. 3.2b). The degree of temporal
stability in spatial gradients can be seen in the isoscapes of the three fish species
(Figs. 3.3-3.5). The smaller range of δ15N and δ13C values for C. proridens
compared to S. foetens and S. papillosum is likely linked to the limited spatial
extent and depth ranges of C. proridens.
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Figure 3.2 The square outlines the spatial extent sampled during all three time
periods (a); this region was used for comparison of grand mean δ15N and δ13C (±
SD) of fish and primary producers across the three time periods (b). POM was
not collected in 2009.
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Figure 3.3 Interannual and seasonal stability of Synodus foetens (inshore
lizardfish) δ15N and δ13C isoscapes. 50 and 100 m isobaths are labeled with
subsequent isobaths from 200 m onward drawn at 200 m intervals. Black circles
identify station locations. Colors scales are consistent across all isoscape panels.
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Figure 3.4 Interannual and seasonal stability of Syacium papillosum (dusky
flounder) δ15N and δ13C isoscapes.
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Figure 3.5 Interannual and seasonal stability of Calamus proridens (littlehead
porgy) δ15N and δ13C isoscapes.

All three fish species had significant latitudinal and longitudinal gradients
in muscle δ15N, with higher δ15N in the northwest region of the WFS and lower
values near southwest Florida (Fig. 3.6a, Table 3.3). Spatial patterns in benthic
algae and POM were less consistent than spatial patterns in fish isotopic values
(Fig. 3.7-3.8). When data from the three surveys were combined, neither benthic
algae nor POM had significant δ15N spatial gradients (Table 3.3).
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Table 3.3 Grand mean isotopic values (±SD) and Pearson’s r correlation
coefficients for geographic trends in stable isotope values. Data from all locations
and time periods.
Sample type
C. proridens
S. foetens
S. papillosum
benthic algae
POM

15

mean δ N
(‰)
9.7±0.5
11.2±0.9
9.1±0.9
4.0±0.8
5.4±1.5
13

mean δ C
(‰)
C. proridens
-16.0±0.8
S. foetens
-17.3±0.6
S. papillosum
-17.5±1.0
benthic algae
-19.3±2.7
POM
-23.4±1.1
*p <0.05, **p <0.001
Sample type

n
70
102
136
47
37
n
70
102
136
47
48

15

δ N vs.
latitude
0.41**
0.76**
0.70**
0.15
-0.01

13

δ C vs.
latitude
-0.13
-0.03
0.01
-0.47**
0.19

δ N vs.
depth
0.40**
0.11
0.04
-0.04
0.28
δ C vs.
depth
-0.73**
-0.43**
-0.62**
-0.34*
-0.03

15

δ N vs.
longitude
-0.62**
-0.89**
-0.89**
-0.24
-0.19

15

13

δ C vs.
longitude
0.49**
0.14
0.27*
0.59**
-0.01

13

All three fish species and benthic algae had significant relationships
between water depth and δ13C (Table 3.3, Fig. 3.6b). These depth gradients
were significant for each time period (for each species and time period, slope pvalues <0.05). Data utilized for the depth vs. δ13C regression lines in Fig. 3.6b
were restricted to 0-53 m to reflect the depth range shared by all three target fish
species. POM δ13C and δ15N did not exhibit any significant spatial gradients
(Table 3.3, Fig. 3.8).
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Figure 3.6 Longitudinal (L) gradients in fish muscle δ15N (a) and 0-53 m depth (z)
gradients in fish muscle δ13C (b). Data from all time periods. All linear regression
slope p-values <0.0001.
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Figure 3.7 Interannual and seasonal stability of benthic algae δ15N and δ13C
isoscapes. Benthic algae were collected from sea urchin stomachs. Letters
indicate location of Tampa Bay (TB), Charlotte Harbor (CH), and the Everglades
(E).
Because of the spatial gradients in isotopic values, a small subsection (1030 m depth within the outlined region in Fig. 3.2a, 2010 data only) was utilized for
the calculation of trophic levels and fractional importance of benthic algae as a
basal resource (αBA, Table 3.4). Benthic algae was the predominant basal
resource for S. papillosum (αBA = 0.90) and C. proridens (αBA = 1.03). αBA >1 for
C. proridens because the mean δ13C value was slightly higher than benthic algae
δ13C, even after accounting for ∆13C. S. foetens was estimated to have an equal
reliance on phytoplankton and benthic algae (αBA = 0.47).
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Figure 3.8 Interannual and seasonal stability of surface particulate organic matter
(POM) δ15N and δ13C isoscapes.

Table 3.4 Grand mean isotopic values (±SD) from the focus region used to
calculate basal resource use. 2010 data used from 10-30 m depth range in
outlined region in Fig. 2a. Trophic level and fractional importance of benthic
algae as a basal resource (αBA with standard error in parentheses) calculated
with data from the focus region.
Fish and primary
producers

S. foetens
C. proridens
S. papillosum
Benthic algae
POM

10-30 m depth focus region
number
number
15
mean δ N
of
of
(‰)
stations
stations
24
11.0±0.8
24
26
9.7±0.5
26
27
9.0±0.9
27
21
4.0±0.5
21
11
4.9±1.3
15

57

13

mean δ C
(‰)

Trophic
level

αBA (SE)

-17.0±0.8
-15.8±0.6
-16.8±1.2
-19.4±3.1
-22.9±0.7

3.8
3.3
3.0

0.47 (0.11)
1.03 (0.20)
0.90 (0.19)

3.4 Discussion
3.4.1 δ13C benthic algae depth gradient
δ13C depth gradients are a common phenomenon in bay and continental
shelf settings (Fry 1988; Cooper and DeNiro 1989; Nerot et al. 2012). Cooper
and DeNiro (1989) suspected that increased light availability in shallow waters
led to higher growth rates, thus reducing εp and elevating seagrass δ13C.
Similarly, Fry (1988) attributed systematic increases in benthic algae δ13C in
shallower water to increasing primary productivity and diatom abundance. In the
present study, rapid algal growth rates in shallow, nutrient-rich waters may have
reduced εp, resulting in higher δ13C. This explanation is supported by the high
benthic algal δ13C values near Tampa Bay, Charlotte Harbor, and the Everglades
(Fig. 3.7d-f), where nutrient concentrations tend to be elevated (Vargo et al.
2008). High productivity may also drive down localized CO2 concentrations,
further reducing εp and increasing δ13C (Hofmann et al. 2000; Graham et al.
2010). Variation in algal species composition or increased water-column light
attenuation in coastal regions with high CDOM and phytoplankton concentrations
may also contribute to decreased εp (Rost et al. 2002). It is not likely that
terrestrial organic matter or settled phytoplankton blooms directly influenced the
observed trends in benthic algae, as the low δ13C in these materials would
decrease δ13C values near rivers instead of increasing them (Peterson and Fry
1987).
The sea urchin L. variegatus has been found to move about on continental
shelves (Moore et al. 1963). It is possible that movement by the sea urchins
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would introduce variability in isotopic patterns, but the distance the algae
samples could travel within the urchin would be limited by the rates of movement
and digestion by the sea urchins. A more significant influence on the clarity of
algal isotopic patterns may be drift algae, which L. variegatus is known to
consume indiscriminately (Cobb and Lawrence 2005). L. variegatus is
omnivorous (Cobb and Lawrence 2005), so some animal material may have
been present in stomach contents. However, membranes or other visible animal
tissue were manually removed during the algal preparation procedure.

3.4.2 POM isotopic values
The POM samples presented in this study were only obtained from
surface water. POM δ13C values vary with depth due to variable εp and
remineralization of sinking organic matter (Kendall et al. 2001; Liu et al. 2007).
Thus, surface POM does not present the full spectrum of planktonic isotopic
values in the water column. Near the Everglades, POM δ15N values were high
and, unlike benthic algae, POM δ13C values were low (Fig. 3.8a and c). These
isotopic trends may be influenced by outflow from the Everglades during the
summer rainy season. The low δ13C could be the result of high εp, phytoplankton
utilization of DIC with low δ13C, or input of terrigenous organic matter. Sampling
in the fall of 2010 did not extend to this region (Fig. 3.8b and d), so the
persistence of the low δ13C and high δ15N is not known.
POM isotopic values had no significant spatial gradients with latitude,
longitude, or depth (Table 3.3, Fig. 3.8), even when each time period was
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examined independently. Due to the fast growth of phytoplankton, the isotopic
signature of POM may be rapidly impacted by events such as upwelling, storms,
and daily variability in river flow. Spatial isotopic gradients were also weaker in
benthic algae compared to fish. Primary producers have an inherently variable
isotopic signal, whereas consumers present a more stable, time averaged
signature (Post 2002). This may explain why gradients found in multiple species
of fish are not as clear at the primary producer level.

3.4.3 Basal resources
Average benthic algae δ13C was 4.1‰ higher than POM (Table 3.3),
which is close to the average global difference of ~5‰ for shallow marine waters
(France 1995). Because of the significant depth gradient in benthic algae δ13C
and the lack of a similar trend in POM, the difference between benthic algae and
POM δ13C varied with depth. Within the focus region utilized for trophic level and
basal resource calculations, this difference was only ~3.5‰ (Table 3.4).
Averages of fish muscle δ13C were higher than both POM and benthic
algae (Fig. 3.2b, Tables 3.3 and 3.4), reinforcing the need to include ∆13C in the
calculation of basal resources. Based upon calculated trophic levels and ∆13C =
1.5‰, benthic algae were the sole basal resource utilized by C. proridens and
the primary basal resource for S. papillosum (Table 3.4). Benthic algae and POM
were equally important as basal resources for piscivorous S. foetens. This
follows previously noted trends that higher trophic levels tend to integrate energy
from multiple channels within food webs (Rooney et al. 2006). The importance of
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benthic algae to these fish populations is further supported by the δ13C depth
gradients seen in fish muscle and benthic algae, which were not present in POM
(Table 3.3).
The slope for the linear relationship between δ13C and depth is steepest
for C. proridens, the fish with the strongest link to benthic algae as a basal
resource (Fig. 3.6b). This slope decreases as reliance on benthic algae (αBA)
decreases for the three fish species. Higher values in the fish δ13C isoscapes are
also visible offshore of Tampa Bay and Charlotte Harbor (Figs. 3.3-3.4 d-f),
reflecting the trends in benthic algae δ13C (Fig. 3.7d-f).
Temporal or spatial variation in basal resource use was not examined in
this study due to insufficient sample size for the calculation of αBA in multiple
areas. It is likely that food webs on the WFS do become more reliant on
phytoplankton as benthic algae abundance decreases in deeper waters. Depthassociated changes in basal resource use will also be impacted by shifting δ13C
values of the plankton and benthic algae endmembers in mixing model
calculations (Eqn 3.3). The presence of a δ13C depth gradient, both in this and
other studies (Fry 1988; Cooper and DeNiro 1989; Nerot et al. 2012) reinforces
the need for wide spatio-temporal sampling when developing food web models
based on stable isotopes (Casey and Post 2011). Consumer δ13C gradients
could create the illusion of depth-related variation in basal resource use. More
specifically, a decrease in consumer δ13C along a depth gradient may be
attributed to a switch from benthic to planktonic primary production when it is
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actually a reflection of a benthic algal δ13C depth gradient or both processes
occurring simultaneously.
Organic matter may also be exported on the WFS through seasonal
migrations of fish from seagrass habitats to offshore habitats (Nelson et al.
2012). Epiphytic algae from seagrass beds have been found to be a more
important basal resource than the seagrasses themselves (Moncreiff and
Sullivan 2001). The mean δ13C signature of epiphytic algae from seagrass beds
is -17 to -18‰ (Moncreiff and Sullivan 2001; Nelson 2012), which is close to the
δ13C signature of benthic algae in this study (average -19.3±2.7‰, see Table
3.3). Thus epiphytic algae isotopic values may not be distinguishable from a
benthic algae signature without the analysis of additional isotopes such as δ34S
(Nelson 2012).

3.4.4 Fish trophic levels and ∆15N
The calculated trophic levels based on isotopic data for S. foetens, C.
proridens, and S. papillosum were 3.8, 3.3, and 3.0, respectively (Table 3.4).
These calculations compare well to the Ecopath model, which characterizes the
same geographic region as the present study (Okey and Mahmoudi 2002). The
Ecopath model used diet-based calculations to place S. foetens at a trophic level
of 4.0 and both C. proridens and S. papillosum at trophic level 3.5.
A trophic fractionation factor of ∆15N = 2.3‰ was used for trophic level
calculations in Eqn 3.2, which is the average ∆15N for aquatic animals according
to McCutchan et al. (2003). Although this ∆15N value is outside the average
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range of 3.0-3.4‰ for all consumers, previous studies have found fish exhibit
slightly lower δ15N trophic fractionation (Pinnegar and Polunin 1999; Vanderklift
and Ponsard 2003; Caut et al. 2009). The results from this study support the use
of a lower ∆15N for fish. If trophic levels had been calculated using ∆15N = 3.0‰,
unreasonably low trophic levels of 3.2, 2.8, and 2.5 would have resulted for S.
foetens, C. proridens, and S. papillosum. Given that these species are entirely
predatory, they should occupy trophic levels of 3.0 or greater.
The significant relationships between fish length and δ15N (Table 3.2)
reflect the ontogenetic trophic level increase that occurs as fish consume prey
from higher trophic levels. The significant relationship between fish length and
δ13C likely also reflects ontogenetic shifts in trophic position, but they may also
be influenced by geographical variation in baseline δ13C or proportional changes
in basal resource dependence.

3.4.5 δ15N longitudinal/latitudinal gradients
Longitudinal gradients in fish muscle δ15N were consistent interannually
and seasonally, with lower δ15N in the southeastern region (for each species and
time period, linear regression slope p-values were <0.001). Widespread nitrogen
fixation by Trichodesmium has been documented in the oligotrophic waters in the
central and southern region of the WFS (Mulholland et al. 2006). Nitrogen fixation
has previously been suggested as an explanation for low δ15N in this area
(Macko et al. 1984), as the δ15N signature of nitrogen fixed by Trichodesmium is
close to atmospheric N2 at around 0‰ (Montoya 2007). Trichodesmium becomes
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an increasingly important source of fixed nitrogen in the oligotrophic waters of the
southern WFS, where DIN/PO4 ratios decrease below the 16N:1P Redfield ratio
(Lenes et al. 2008). Upwelling provides an additional source of nutrients to the
WFS (Walsh et al. 2003). However, the δ15N signature of deep water nitrate is
~5-8‰, significantly higher than the 0‰ signature that is associated with nitrogen
fixation (Liu and Kaplan 1989; Walsh et al. 2003).
Fluvial sources can also influence the δ15N baseline on continental
shelves (Alt-Epping et al. 2007). Collective discharge from the Apalachicola,
Mobile Bay and Mississippi River watersheds into the northwest portion of the
studied region is orders of magnitude larger than the collective discharge from
the Everglades and the small rivers and streams that drain the Florida peninsula.
In the lower Mississippi River and its tributaries, average δ15N ranges from 3-9‰
for nitrate and 5-6‰ for POM (Battaglin et al. 2001; Kendall et al. 2001). δ15N
values of organic matter in sediments near the mouth of the Mississippi River
have increased by approximately 1.5-2‰ over the past century, so this source of
high δ15N may become even more prominent in the future (Eadie et al. 1994).
Finally, denitrification can be a source of high δ15N values. Under low
oxygen conditions, bacteria use nitrate as an electron acceptor during
respiration. The strong fractionation (20-30‰) during this denitrification process
results in higher δ15N for the residual nitrate (Montoya 2007). Although the
surveyed region was east of areas known to experience the chronic anoxia that
facilitates denitrification (Rabalais et al. 1996), westward water masses that do
experience anoxia and extensive denitrification are more likely to mix with waters
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in the northwest part of the survey area than the southeast part. The only
explanation for fish δ15N spatial gradients that we do not believe to be likely is
geographic differences in trophic level. Within-species variation in trophic level is
generally related to increased fish length and mouth gape, yet this potential bias
was specifically removed and the strong δ15N gradients persisted.

3.4.6 Fish site fidelity and isotopic variability
The significant spatial isotopic gradients in fish muscle imply the three
target fish species exhibited rather high site fidelity on the WFS, as large-scale
movement by fish would likely have destroyed the observed gradients. Prior
studies have found that these three species can be mobile on continental
shelves. S. foetens moves between trawled and non-trawled areas in the
northern Gulf of Mexico (Jeffers et al. 2008). Near the Yucatan peninsula, C.
proridens moves seasonally on continental shelves (Darcy 1986). While limited
information is available concerning movement patterns of S. papillosum, other
members of the Syacium genus near the Yucatan peninsula have been found to
exhibit seasonal movements driven by spawning and changes in primary
productivity on the continental shelf (Sánchez-Gil et al. 1994).
Some of the small-scale variability in the fish isoscapes may be due to fish
mobility rather than to true differences in the isotopic baseline. Nevertheless, the
consistent isotopic gradients and the significantly greater variance in isotopic
values between sites compared to within sites imply the specimens analyzed
during the present study must have maintained a relatively high degree of site
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fidelity during the months prior to sampling. The kriging method used to create
the isoscapes did not apply any nugget effect in order to smooth out inherent
variability in the data set. Because the kriging models accurately display
measured values, small scale variability appear as bulls-eye patterns in the
isoscapes.
Average isotopic values were fairly consistent interannually and
seasonally for the target fish species, with grand means for both δ15N and δ13C
varying by 0.7‰ or less. This stability and the presence of consistent and
significant spatial gradients provides the basis of an “isoscape terrain” on the
WFS, which is the first requirement for using stable isotopes as endogenous
tracers of animal migration (Hobson et al. 2010).

3.4.7 Conclusions and global implications
δ13C and δ15N spatial gradients in three target fish species were highly
consistent across two years and two seasons on the West Florida Shelf. The
inherent variability in the isotopic composition of primary producers makes their
spatial gradients less reliable compared to the isotopic signature of consumers.
Knowledge of spatial and temporal heterogeneity is essential for food web
studies that are based on stable isotopes, which are in turn useful for ecosystembased management strategies for continental shelf waters.
The shift from eutrophic to oligotrophic waters on this continental shelf is
clearly present in the longitudinal/latitudinal gradient in fish muscle δ15N. This
δ15N gradient persisted after accounting for variation in fish size, thus it is likely
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due to baseline environmental factors such as variable nitrogen fixation or
terrestrial input rather than variation in trophic level. Trophic gradients occur on
many continental shelves due to fluvial outflows and intersection of oceanic
fronts, resulting in baseline δ15N and δ13C variation (Mauna et al. 2010; Nerot et
al. 2012).
Benthic algae were an important basal resource for the fish in this study,
as indicated by the similar δ13C depth gradients and the two-source mixing
model. The observed δ13C depth gradient in fish may reflect changes in the δ13C
signature of benthic algae as much or more than shifts in basal resource
dependence. Despite having been collected from the mid-region of a prominent
trophic gradient, individual fish species exhibited very strong and persistent
trophic dependence on benthic algae (Table 3.4). Continental shelf species that
are highly reliant on benthic trophic pathways will be selectively vulnerable to
increasing eutrophication (Caddy 2000). These species may also respond
selectively to deforestation, freshwater diversions, and any aspects of climate
change that affect the light environment of the coastal ocean and balance
between pelagic and benthic primary productivity.

67

Chapter 4. A dynamic model for baseline δ13C and δ15N values on the
West Florida Shelf
4.1 Introduction
Isoscapes are contoured maps used to depict geographic variability in
stable isotopes (West et al. 2010). Isoscapes can be created empirically by
interpolating between measured data points or by creating process-oriented
models based upon variables that correlate with or result in isotopic fractionation
(Bowen and Revenaugh 2003; West et al. 2010). Process-based models can be
more accurate predictors of isotopic values than spatial interpolation between
known data points (Bowen and Revenaugh 2003). These models can use static
variables, such as the calculation of mean δ18O values of meteoric precipitation
based upon latitude and altitude (Bowen and Wilkinson 2002), or temporally
dynamic variables, such as the calculation of δ13C values of marine organic
matter based upon CO2 concentration and phytoplankton growth rate (Hofmann
et al. 2000).
The utility of environmental correlates to predict marine δ13C and δ15N
baselines has been studied previously using queen scallops (Aequipecten
opercularis) in the North Sea (Jennings and Warr 2003; Barnes et al. 2009).
Barnes et al. (2009) found the 10 year average bottom temperature could predict
scallop δ13C with a mean error of 0.6‰. Jennings and Warr (2003) developed a
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model to explain variation in scallop δ15N using temperature, salinity, and depth
that also explained a significant portion of the isotopic variation in fish
populations. These environmental variables may have casual rather than
explanatory correlations with the isotopic baseline, yet they do have significant
predictive power. The use of satellite data, rather than annual averages, as
environmental predictors introduces the potential to predict both spatial and
temporal variation in the isotopic baseline. Remote sensing offers both wide
spatial coverage and a high resolution, which may facilitate detection of spatial
isotopic patterns.
While the 5‰ difference in average δ13C values of phytoplankton and
benthic algae enables determination of their relative importance to consumers
(Haines and Montague 1979; Peterson and Fry 1987; Thomas and Cahoon
1993), basal resource calculations are confounded by geographic and temporal
variation in isotopic baselines (Casey and Post 2011). The objective of this study
was to produce dynamic models of spatial isotopic variation that can be applied
to investigations of animal migration and also to improve understanding of natural
and anthropogenic variation in trophic gradients on the West Florida Shelf.

4.2 Methods
4.2.1 Sample collection
The isotopic signal of primary producers is inherently more variable than
that of consumers (Post 2002). Thus for the model, the isotopic baseline was
extrapolated from fish muscle samples, which present both a larger sample size
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and more consistent isotopic signature. The same data set from Chapter 3 was
utilized for the creation of the model, with the addition of four other fish species.
The seven common, widely distributed fish species selected as target species
were Calamus proridens (littlehead porgy), Diplectrum formosum (sand perch),
Haemulon aurolineatum (tomtate grunt), Haemulon plumieri (white grunt),
Lagodon rhomboides (pinfish), Syacium papillosum (dusky flounder), and
Synodus foetens (inshore lizardfish). All fish species were collected in summer
2009; in summer and fall of 2010, only C. proridens, S. papillosum, and S.
foetens were collected. See section 3.2 for description of field sample collection
and isotopic analyses.
Lipid correction was not necessary for any of the seven fish species as the
C:N ratio of all muscle samples were below 3.5, thus lipid content was below 5%
(Post et al. 2007). A length correction for ontogenetic shifts in trophic level was
applied to fish species if there was a significant relationship between the
standard lengths of the fish and isotopic values (i.e. if linear regression slope p
<0.05) following the same procedure and equation described in Section 3.2.4.
This trend removal used the equation

δX’ = δX – (ml + b) + δXm

(4.1)

where δX’ is the corrected δ15N or δ13C value, δX is the original isotopic value for
a fish of standard length l, and δXm is the mean of all δX from a species. The
slope m and intercept b are from species-specific linear regressions δX = ml + b.
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2-3 individuals of each fish species were sampled at most trawling stations; their
isotopic values (length-corrected, if applicable) were averaged to avoid
pseudoreplication in statistical analyses.

4.2.2 Calculation of trophic level and δ15N baseline
Following the same methods in Chapter 3, data used for the calculation of
trophic level and basal resource utilization were restricted to regions with a
limited depth range where samples were available from both primary producers
and all seven fish species (See Fig. 4.1a). Only data north of 27 ºN, east of 85.3
ºW, and from depths 10-30 m were used for trophic level or basal resource
calculations. This region was selected as it was sampled during all three time
periods, and all seven focus fish species occurred within the 10-20 m depth
range. Calculations were made using 2010 primary producer values as POM was
not collected in 2009. For C. proridens, S. papillosum, and S. foetens, only data
from 2010 were used for calculations in order to match primary producer values.
The 2009 data were used for the remaining four fish species as they were only
sampled during 2009. Trophic levels (TL) were calculated using the following
equation (modeled after Post 2002):

TL = 1 + (δ15Nfish – δ15Nprod) / ∆15N

(4.2)

where δ15Nfish and δ15Nprod are the mean isotopic compositions of fish muscle
tissue and primary producers, and ∆15N is 2.3‰ (McCutchan et al. 2003).
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Once the trophic levels were estimated using Equation 4.2, the baseline
δ15N values (δ15Nbase) were calculated from the species-specific average isotopic
value at every location sampled (δ15N’fish):

δ15Nbase = δ15N’fish – (TL – 1) × ∆15N

(4.3)

4.2.3 Calculation of basal resource use and δ13C baseline
The proportional contributions by benthic algae and phytoplankton as
basal resources (αBA and αPOM, respectively) were calculated using a two-source
mixing model that incorporated δ13C enrichment per trophic level (∆13C):

αBA = ((δ13Cfish – (TL – 1) × ∆13C) - δ13CPOM) / (δ13CBA - δ13CPOM)

(4.4)

The end members δ13CPOM and δ13CBA are the average isotopic values of POM
and benthic algae from the focus region, respectively. The contribution of
phytoplankton as a basal resource (αPOM) was therefore αPOM = (1 –αBA). Isoerror
version 1.04 (Phillips and Gregg 2001) was used to determine standard error of
αBA based upon the standard deviations of isotopic values of fish and primary
producers within the focus region. This estimate of standard error does not reflect
uncertainty associated with ∆13C or trophic level. ∆13C of 1.5‰ was utilized in
Eqn 4.4, reflecting the average ∆13C for fish muscle as determined by Sweeting
(2007).
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Planktonic δ13C values did not exhibit consistent significant spatial
variation (see Table 3.3) so only benthic baseline δ13C values (δ13Cbase) were
used in the model:

δ13Cbase = ((δ13C’fish – (TL – 1)× ∆13C) – (δ13C’POM × αPOM)) / αBA

(4.5)

δ13C’fish is the species-specific average isotopic composition at each location
sampled, and δ13C’POM is the average value of all POM sampled (-23.43‰).

4.2.4 Remote sensing data
Possible predictors investigated for the model predicting isotopic variation
included static spatial data (latitude, longitude, and water depth) and temporally
and spatially variable sea-surface data derived from remote sensing. Dynamic
predictors included sea surface temperature (SST), light attenuation (Kd),
concentration of chlorophyll (CHL), colored dissolved organic matter (CDOM),
particulate inorganic carbon (PIC), particulate organic carbon (POC), and
normalized fluorescence line height (NFLH). These variables were obtained from
the Giovanni online data system, developed and maintained by the NASA GES
DISC at http://giovanni.gsfc.nasa.gov (Berrick et al. 2009). MODIS-Aqua data at
a 4 km resolution were obtained from the Ocean Portal’s Ocean Color
Radiometry Online Visualization and Analysis. Satellite data were averaged for
the calendar month of the start of data collection and two months prior. The three
month time frame was selected to reflect tissue turnover time, which varies with
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species, growth and metabolism. For muscle tissue in adult fish, isotopic halflives in diet switch studies are generally on the order of 1.5 months to over half a
year (McIntyre and Flecker 2006; Buchheister and Latour 2010; Nelson et al.
2011). The locations for remote sensing data were matched with stable isotope
data to the nearest tenth of a decimal degree using latitude and longitude
coordinates.
Remote sensing data were obtained for SST, POC, PIC, light attenuation
at 490 nm (Kd(490)), CHL, NFLH, and CDOM. NASA GES DISC defines
particulate matter as particles that are caught by filter with pore size 0.7µm, while
dissolved matter are eluted through the filter. POC largely consists of
phytoplankton and organic detritus while PIC consists primarily of biogenic
calcium carbonate; they are both determined with remote sensing through
backscatter algorithms (Stramski et al. 1999). NFLH is an index for solarstimulated chlorophyll a fluorescence at 678 nm when PIC is low.
The light attenuation coefficient of photosynthetically active radiation,
Kd(PAR), was calculated from MODIS-Aqua derived light attenuation at 490 nm,
Kd(490), using equation 9 from Morel et al. 2007. Subsurface PAR, PAR(0), was
calculated by subtracting an approximated midday reflectance of 2% off the
water surface from the MODIS-Aqua PAR values (Kirk 1994). PAR at the sea
floor, PAR(z), was then calculated using water depth (z), Kd(PAR), and PAR(0)
(Kirk 1994):

PAR(z) = PAR(0) × exp(-Kd(PAR) × z)

(4.6)
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4.2.5 Dynamic model methods
Multiple fish species were sampled at most trawling locations, thus there
were often multiple species-specific δ13Cbase and δ15Nbase calculated values for
each trawling location. The kriging model isoscapes were created using Surfer
version 8.06.39. Ordinary point kriging was used with the default linear variogram
model and no drift. No nugget effect was specified in order to display small-scale
spatial variation in the krigged data plots; the gridding method was an exact
interpolator for the averaged isotopic baseline at each sampling location.
In order to determine if a model based upon one set of fish species could
be applied to other fish species, the data were separated into “training” and
“testing” species rather than using a traditional randomized approach of model
assessment such as bootstrapping or jackknifing. The “training” data set
consisted of three species of fish which were collected during all three time
periods: C. proridens, S. papillosum, and S. foetens. The accuracy of the model
was then assessed on a “testing” data set that consisted of the four remaining
species which were collected in 2009 only: D. formosum, H. plumieri, H.
aurolineatum, and L. rhomboides. Multiple species were pooled for model
creation and assessment due to limited sample size available for each fish
species.
In order to achieve the best linear relationships between isotopic data and
environmental data, δ13Cbase and δ15Nbase from the three training species were
compared to the satellite-derived environmental data. If any of the
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transformations ln(x), x2, √x, or 1/x improved the linear-model R2 by 1% or
greater, then the environmental data were transformed to produce the best fit.
Note that the objective of this transformation was not to improve normality or
homogeneity of variance, but was instead directed at improving linear fit among
the various relationships. All statistical analyses were performed using
Statgraphics Centurion XVI.
Final model selection was based on achieving the lowest SchwarzBayesian Information Criterion (SBIC) out of all possible combinations. In
comparison to the Akaike Information Criterion, SBIC has a stronger penalty for
the number of variables included in the model, and therefore is more likely to
produce a model that avoids multi-collinearity. SBIC was calculated as:

SBIC = 2 × ln(RMSE) + (p × ln(n) / n )

(4.7)

where RMSE is the root mean square error of the estimation period, p is the
number of coefficients in the fitted model, and n is sample size.

4.3 Results
Duplicate stable isotopic analyses were conducted for nearly 1000 fish
from ~400 trawling locations (Fig. 4.1a). Not all species were present at every
sampling location. Corrections for ontogenetic shifts were necessary for at least
one isotope for six of the seven species (see Table 4.1). Within the focus region
used for calculation of trophic levels and basal resource dependence (see bold
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outline in Fig. 4.1a), the standard deviations of fish isotopic values were ≤1.2‰
for δ13C and ≤0.9‰ for δ15N (Fig. 4.1b, Table 4.2). The primary producers in this
region were more variable than the consumers; benthic algae δ13C values had
the greatest standard deviation at 3.1‰. The fish in this study were strongly
reliant on benthic algae as a basal resource (Fig 4.1c, Table 4.2).

Table 4.1 Correlations between fish length (l, in cm) and isotopic signatures of
muscle tissue. Values from linear regression used in Eqn 4.1 for ontogenetic
shift correction.
Fish species

n

C. proridens
S. foetens

182
181
226

S. papillosum

324

D. formosum

95

H. plumieri

36

L. rhomboides

81

H. aurolineatum

40

Stable
isotope
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C
15
δ N
13
δ C

Pearson’s
r
0.432
-0.006
0.112
0.467
0.167
0.185
0.212
0.339
0.375
-0.03
-0.151
-0.173
-0.312
0.736

p-value
<0.001
0.932
0.094
<0.001
0.003
<0.001
0.039
<0.001
0.024
0.85
0.179
0.123
0.050
<0.001
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Linear regression
δX = ml + b
15
δ N = 8.30 + 0.07×l
none
none
13
δ C = -19.29 + 0.08×l
15
δ N = 8.28 + 0.05×l
13
δ C = -18.50 + 0.06×l
15
δ N = 8.93 + 0.07×l
13
δ C = -18.57 + 0.11×l
15
δ N = 9.03 + 0.07×l
none
none
none
none
13
δ C = -22.38 + 0.35×l

mean
δXm (‰)
9.67

-17.32
9.14
-17.49
10.12
-16.70
10.49

-16.80

Figure 4.1 Basal resource use and fish trophic levels. Spatial extent sampled on
the West Florida Shelf during three time periods, with bold outline around focus
region utilized for calculation of trophic levels and basal resources (a). Average
values (±SD) from the focus region (b) and calculated trophic levels and
proportion of carbon derived from benthic algae (αBA) (c). See Table 4.2 for
abbreviations used for fish species.
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Table 4.2 Average isotopic values (±SD) from the focus region (Fig. 4.1a) used
for calculation of basal resource and trophic levels. αBA is the fractional
importance of benthic algae as a basal resource.

Fish and
primary
producers
Synodus
1
foetens
Calamus
1
proridens
Syacium
1
papillosum
benthic algae

Abbrev
-iation
SF

Research
cruise

summer/fall
2010
CP
summer/fall
2010
SP
summer/fall
2010
BA
summer/fall
2010
particulate
POM
summer/fall
organic matter
2010
Diplectrum
DF
summer
2
formosum
2009
Haemulon
HP
summer
2
plumieri
2009
Lagodon
LR
summer
2
rhomboides
2009
Haemulon
HA
summer
2
aurolineatum
2009
1
2
training data set, testing data set

Stations
in focus
region
24

mean
15
δ N ±SD
(‰)
11.0±0.8

mean
13
δ C ±SD
(‰)
-17.0±0.8

Trophic
level

αBA
(SE)

3.8

26

9.7±0.5

-15.8±0.6

3.3

27

9.0±0.9

-16.8±1.2

3.0

0.47
(0.11)
1.03
(0.20)
0.90
(0.19)

21

4.0±0.5

-19.4±3.1

1.0

15

4.9±1.3

-22.9±0.7

1.0

13

9.8±0.7

-16.4±0.6

3.3

10

10.5±0.4

-16.2±0.4

3.6

10

9.3±0.6

-16.3±1.1

3.1

8

9.9±0.4

-16.2±0.7

3.4

0.86
(0.17)
0.78
(0.16)
0.95
(0.21)
0.89
(0.18)

The flow chart in Fig. 4.2 summarizes data calculations and
transformations used on predictor and response variables in the model. Dynamic
environmental variables and static spatial characteristics were iteratively
compared to δ13Cbase and δ15Nbase in the training data set (isotopic data from C.
proridens, S. papillosum, and S. foetens). If a transformation increased the R2
value between the predictors and the isotopic baseline by 1% or more, the
transformed variable was used for the model (Table 4.3). Longitude and latitude
had the strongest linear correlations with δ15Nbase (Pearson’s r = -0.86 and 0.67).
Water depth and light availability at the sea floor, PAR(z), had the strongest
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linear correlations with δ13Cbase (Pearson’s r = -0.58 and 0.53, respectively);
these relationships were further improved by transformations.

Figure 4.2 Flow chart for dynamic model development.
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Table 4.3 Pearson’s r correlation coefficients and R2 values for linear and
transformed models relating predictors to baseline isotopic data in the training
data set. Predictors include latitude, longitude, water depth (m), sea surface
temperature (SST, ◦C), particulate organic carbon concentration (POC, mg m-3),
particulate inorganic carbon concentration (PIC, mol m-3), surface chlorophyll
concentration (CHL, mg m-3), normalized fluorescence line height (NFLH, mW
cm-2 µm-1 sr-1), colored dissolved organic matter (CDOM, unitless), and PAR at
depth (PAR(z), E m-2 d-1). Variables in bold type indicate transformation
increased R2 by 1%.

Variable

Linear relationships
15
13
δ Nbase
δ Cbase
2
PearR
Pearson’s r
son’s r
Static predictors
latitude
0.67
0.454
-0.002
longitude -0.86
0.747
0.26
depth
0.09
0.007
-0.58
Dynamic predictors
SST
-0.13
0.016
0.28
POC
0.28
0.076
0.43
PIC
-0.10
0.011
0.52
CHL
0.31
0.096
0.26
NFLH
0.12
0.015
0.36
CDOM
0.17
0.028
0.30
PAR(z)
-0.53
0.278
0.53

R

2

Transformed relationships
15
13
δ Nbase
δ Cbase
2
TransforR
Transformation
mation
2

2

<0.01
0.065
0.335

latitude
2
longitude
1/depth

0.466
0.749
0.026

latitude
1/longitude
ln(depth)

0.078
0.183
0.268
0.069
0.130
0.089
0.285

SST
ln(POC)
2
PIC
ln(CHL)
1/CDOM
√ (PAR(z))

2

0.017
0.095
0.012
0.146
0.035
0.327

SST
ln(POC)
ln(PIC)
1/CHL
2
NFLH
2
CDOM
√ (PAR(z))

2

R

2

<0.01
0.069
0.399
0.079
0.216
0.371
0.173
0.144
0.096
0.297

The lowest SBIC value was used to determine the most parsimonious
models predicting δ15Nbase and δ13Cbase from all possible variable combinations
listed in Table 4.3. Longitude, SST, and ln(POC) were the predictors in the final
model for δ15Nbase (Table 4.4). The maximum variation inflation factor (VIF)
among these variables was 1.05, indicating multi-collinearity was not an issue
among predictors (O’Brien 2007). Four variables, ln(depth), SST, ln(POC), and
√(PAR(z)), were originally selected as predictors for δ13Cbase based on having the
lowest SBIC for all possible predictor combinations. There was high multicollinearity between ln(depth) and other variables in the model (VIF for ln(depth)
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= 15.7). Because of this collinearity, and since depth is a component in the
calculation of PAR(z), ln(depth) was considered redundant and thus eliminated
from the final model. This reduced the maximum VIF to 1.03, thus removing
multi-collinearity among variables in the multiple regression. The remaining three
variables had the lowest SBIC and highest R2 value for any three-variable
combinations.

Table 4.4 Equations with the lowest Schwarz-Bayesian Information Criterion
(SBIC) values, using static and/or dynamic predictors from Table 4.3. The final
model selected is shown in bold.

Equation
All predictors
(final model)

Static
predictors only

Dynamic
predictors only

n

adj R

2

Mean absolute error
(MAE) ‰
15
δ Nbase = -43.005 - 0.583*longitude - 0.078*SST + 0.180*ln(POC)
training species
308
0.78
0.29
testing species
90
0.72
0.34
13
δ Cbase = -31.475 + 0.826*ln(POC) + 0.251*SST + 0.792*√ (PAR(z))
training species
308
0.53
0.57
testing species
90
0.29
0.54
15
δ Nbase = -47.561 - 0.619*longitude + 4.333*1/depth
training species
308
0.75
0.31
testing species
90
0.72
0.33
13
δ Cbase = -14.850-1.438*ln(depth)
training species
308
0.40
0.67
testing species
90
0.13
0.63
15
δ Nbase = 6.089 – 366.077*PIC + 0.579*ln(CHL) – 0.538*√ (PAR(z))
training species
308
0.54
0.43
testing species
90
0.30
0.51
13
δ Cbase = -31.475 + 0.826*ln(POC) + 0.251*SST + 0.792*√ (PAR(z))
training species
308
0.53
0.57
testing species
90
0.29
0.54

n order to investigate the importance of static versus dynamic variables,
the SBIC model selection process was repeated. In the second iteration, only
static predictors (latitude, longitude, and depth) were included as possible
predictors. In the third iteration, only dynamic predictors (remote-sensing derived
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water quality data) were included. The multiple regressions that resulted from
these selection processes were then assessed using the testing data set to
determine the effectiveness of the model on the four other fish species. Results
are shown in Table 4.4.
δ15Nbase models consistently had higher adjusted R2 values and lower
mean absolute error (MAE) than models predicting δ13Cbase (Table 4.4). The MAE
was 0.57‰ for δ13Cbase, and only 0.29‰ for δ15Nbase. Static predictors were most
important for δ15Nbase and dynamic predictors were most important for δ13Cbase,
as evidenced by similar MAE and R2 values between these models and the
models selected from all predictors (Table 4.4). Although dynamic variables were
included in the most parsimonious model predicting δ15Nbase, dynamic predictors
did not substantially improve the MAE compared to static predictors (0.29‰ vs.
0.31‰). The most parsimonious model predicting δ13Cbase did not include any
static variables. The mean absolute error was similar between training and
testing data sets for both δ13Cbase and δ15Nbase, indicating that that these models
can be extrapolated to other fish species.
The observed versus predicted values of the isotopic baseline are shown
in Fig. 4.3, using the most parsimonious model selected from both static and
dynamic variables. Residuals were greatest for high δ13Cbase values (Fig. 4.3b),
which generally occurred in shallower waters. Fig. 4.4 depicts isoscapes created
using kriging of sample data (data from all 7 fish species included in Fig. 4.4) and
the final multiple regression model from Table 4.4. The residuals between the
kriging and multiple regression models are shown in Fig. 4.5. Spatial patterns in
83

the three dynamic variables used in the models (SST, POC, and PAR(z)) are
shown in Fig. 4.6. Data from the summer of 2009 (average of May, June, and
July 2009 data) were used for Fig. 4.6.

Figure 4.3 Predicted vs. expected values of baseline isotopic data, using the final
model in Table 4.4. Models were created using three fish species in a training
data set (n = 308) and assessed on four fish species in a testing data set (n =
90). Fit described using adjusted R2 value and mean absolute error (MAE).
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Figure 4.4 Isoscapes created by kriging baseline values (a and c) and using final
multiple regression models in Table 4.4 (b and d). Summer 2009 data from all 7
fish species were used to create isoscapes; isobaths are shown at 200 m
intervals.
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Figure 4.5 Residuals between kriging model and multiple regression models from
Fig. 4.4 for baseline δ15N (a) and δ13C (b) values.
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Figure 4.6 Sea surface temperature, particulate organic carbon concentration,
and photosynthetically available radiation at the bottom of the West Florida Shelf
in summer of 2009 (average of May-July values).
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4.4 Discussion
4.4.1 Fish trophic levels and basal resource use
The seven fish species in this study come from five different diet- and
habitat-based functional groups, as defined in the Ecopath model for the West
Florida Shelf (Okey and Mahmoudi 2002). In order to keep the model from being
biased toward a certain functional group, no two fish species within either the
“training” data set or the “testing” data set belonged to the same Ecopath
functional group. The calculated trophic levels for each fish species in this study
were within 0.54 levels of the designated trophic levels for their respective
Ecopath functional groups (Okey and Mahmoudi 2002).
Benthic algae were an important basal resource for all fish species (Table
4.2). The fish species at higher trophic levels, such as Synodus foetens and
Haemulon plumieri, contained carbon derived from both benthic algae and
phytoplankton (Fig. 4.1c). This follows previously noted trends that higher trophic
levels tend to integrate multiple energy channels, whereas lower trophic levels
rely more heavily on a single basal resource (Rooney et al. 2006). The large
variability in benthic algae δ13C values (Fig. 4.1b) introduces uncertainty into
basal resource calculations. Standard error for αBA, as calculated by Isoerror
(Phillips and Gregg 2001), was as high as 21% in endmember calculations
(Table 4.2).
4.4.2 δ15N predictors
The most parsimonious model predicting baseline δ15N was δ15Nbase = 43.005 - 0.583*longitude - 0.078*SST + 0.180*ln(POC) (Fig. 4.3a, Table 4.4).
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Residuals were highest for low δ15Nbase values, but this scatter may be an artifact
of the wider continental shelf and greater sample size in the southern region.
These variables may correlate with rather than explain the driving forces behind
the spatial gradient in δ15Nbase. The two main forces behind variability in δ15Nbase
are likely nitrogen fixation by diazotrophs, which provide a low isotopic source of
nitrogen around 0‰ (Carpenter et al. 1997; Graham et al. 2010), and higher δ15N
values in nutrients and organic matter in Mississippi River discharge (Kendall et
al. 2001).
Nitrogen fixation by diazotrophs such as the cyanobacteria
Trichodesmium is well-studied on the WFS (Lenes et al. 2001; Lenes et al. 2008;
Hu et al. 2010). Fixed nitrogen with a low isotopic signature travels up the food
chain; one study in the western Gulf of Mexico estimated up to 60% of the
nitrogen content in zooplankton originated from Trichodesmium (Holl et al. 2007).
The study presented here focuses on the benthic rather than pelagic isotopic
signal due to more consistent spatial patterns in the benthic baseline (see
Chapter 3). The benthic food chain of coastal marine waters is linked to watercolumn isotopic signatures through consumption and remineralization of sinking
organic matter such as senescent phytoplankton (Bode et al. 2006), so nitrogen
fixation in the water-column may still influence the benthic food web. Nitrogen
fixation does occur below surface waters; Trichodesmium colonies have been
found at depths up to 175 m in the Gulf of Mexico (Holl et al. 2007). Benthic
algae with epiphytic cyanophytes capable of nitrogen fixation contribute to fixed
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nitrogen in tropical coral reefs, as evidenced by lower than average δ15N values
in microalgae and tropical macroalgae (France et al. 1998).
The ratio of dissolved inorganic nitrogen to phosphate (DIN/PO4)
frequently exceeds the Redfield ratio (16N:1P) in the northern portion of the WFS
due to input from the Mississippi River; diatoms dominate in these nutrient-rich
conditions (Dagg and Breed 2003; Lenes et al. 2008). In the southern portion of
the WFS, DIN/PO4 decreases below the Redfield ratio and diazotrophs such as
Trichodesmium thrive in the nitrogen-impoverished waters. Trends in DIN/PO4 on
the WFS apply to both surface and bottom waters (Lenes et al. 2008).
Nitrogen fixation in the Gulf of Mexico is limited by the supply of
phosphorus and iron. Wind-born Saharan dust is an important source of iron to
oligotrophic waters in the eastern Gulf of Mexico (Lenes et al. 2001). Modeled
aeolian dust deposition is generally higher in the eastern and southern portions
of the WFS (Lenes et al. 2008). Florida rivers with low DIN/PO4 supply
phosphorus to the WFS (Lenes et al. 2008). The broad spatial patterns of aeolian
deposition and DIN/PO4 are similar to patterns seen in δ15Nbase (Fig. 4.4a),
supporting the theory that nitrogen fixation drives the gradient in the isotopic
baseline. However, the model developed by Lenes et al. (2008) predicts surface
blooms of Trichodesmium to be more concentrated offshore and closer to the
continental shelf break due to competition with diatoms in nutrient-rich waters
along the Florida coastline. This lack of nitrogen fixation should theoretically
result in higher δ15N values in these near-shore waters, but δ15Nbase did not have
a significant relationship with depth (p = 0.26).
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Mississippi river outflow may also contribute to the higher δ15N baseline in
the northwest region of the study area. In the lower Mississippi River and its
tributaries, average nitrate δ15N ranges from ~3-9‰ and average POM is ~5-6‰
(Battaglin et al. 2001; Kendall et al. 2001). The δ15N values of fluvial nutrients or
POM may be reflected in primary production and therefore higher trophic levels
in the northern Gulf of Mexico (Senn et al. 2010). A portion of the Mississippi
River plume can be seen in the POC satellite data as it is carried east by the
Loop Current (Fig. 4.6b). Additionally, upwelling on the WFS can be a source of
nitrate with higher δ15N values at around ~5-8‰ (Liu and Kaplan 1989; Walsh et
al. 2003).
SST was also a predictor in the final model explaining variation in δ15Nbase.
Small variation in temperature does not influence the rate of nitrogen fixation
(Mulholland and Bernhardt 2005), but temperature may impact the maximum
growth rate of phytoplankton (Eppley 1972). The inverse relationship between
δ15Nbase and SST may be casual, or water with colder temperatures may be
evidence of upwelling providing nitrate with higher δ15N values (Liu and Kaplan
1989; Walsh et al. 2003). Trichodesmium may also have higher growth rates in
warmer temperatures, creating more fixed nitrogen with lower δ15N values. POC
and SST are influenced by physical characteristics such as fluvial discharge,
water depth, upwelling and oceanic currents (Dagg and Breed 2003). Thus POC
and SST integrate aspects of terrestrial influence and physical oceanography into
the δ15Nbase model.
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Although POC and SST did slightly improve the mean absolute error
(MAE) to 0.29‰ for the final model, the predicting capability of a static model
based upon longitude and depth was very similar at MAE = 0.31‰. This utility of
a static model to predict δ15Nbase implies there was high temporal stability in
δ15Nbase for the three time periods sampled. Of all possible predictors, longitude
had the strongest correlation with δ15Nbase (Pearson’s r = -0.86). Naturally,
longitude does not drive processes behind the nitrogen cycle. Yet, longitude does
approximately quantify potentially influential factors such as distance from the
Mississippi River. Due to the diagonal nature of the sampling area, longitude also
correlates with factors that vary with latitude. While longitude is a convenient
descriptor of isotopic spatial variability (Barnes et al. 2009; Hobson et al. 2012), it
should be noted that longitude does not exactly quantify distance. One degree of
longitude is slightly smaller in the northern region of the sampling area compared
to the southern region due to the curvature of the earth’s surface.

4.4.3 δ13C predictors
Less variation was explained in the model predicting δ13Cbase than δ15Nbase
(R2 = 0.53 and 0.78, respectively). The mean absolute errors for the training data
sets were 0.57‰ and 0.29‰. Both models performed similarly well for the
training and testing data sets (Table 4.4), indicating that the model can be
applied to other fish species. The most parsimonious model explaining baseline
δ13C (Fig. 4.3b, Table 4.4) was δ13Cbase = -31.475 + 0.826*ln(POC) + 0.251*SST
+ 0.792*√(PAR(z)).
92

Although it was not included in the final model due to multi-collinearity,
ln(depth) had the strongest correlation with δ13Cbase out of all variables (Table
4.4, R2 = 0.40). Several studies in both marine and freshwater have found a
depth gradient in baseline δ13C values, with higher δ13C values in shallower
waters (Fry 1988; Cooper and DeNiro 1989; Vander Zanden and Rasmussen
1999; Matuszak et al. 2011; Nerot et al. 2012). The reasons for this depth
gradient have been attributed to depth variations in factors such as light
availability, rates of primary productivity, diatom abundance, or algal uptake of
respired CO2.
PAR is well known to influence photosynthetic fractionation (εp) and δ13C
of primary producers, however the direction of this influence can vary depending
on the growth-limiting factor for the algae (Riebesell et al. 2000). High light
availability can cause increased εp and lower values algal δ13C (Thomson and
Calvert 1995; Rost et al. 2002). Yet light is intrinsically tied to growth rate, so if
light is a limiting factor for growth then the positive relationship between growth
rate and εp may dominate and result in higher algal δ13C in high light conditions
(Riebesell et al. 2000; Rost et al. 2002). This variance in εp is a possible
explanation for the positive relationship between PAR(z) and δ13Cbase. An
increase of light availability at the sea floor may also increase the abundance of
benthic algae, thus benthic organisms will be more reliant on benthic algae rather
than sinking pelagic detritus. As benthic algae δ13C is ~5‰ higher than
phytoplankton (France 1995; Doi et al. 2010), this enriched δ13C signature from
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the benthic algae is then transferred up the food chain (Hobson et al. 1994;
Cherel and Hobson 2007).
PAR(z) rapidly decreases on the WFS (Fig. 4.6c). The mean minimum
light requirements for benthic macroalgae taxa range from 0.5 to 2.0 E m-2 d-1
(Gattuso et al. 2006). The median maximum depth of macroalgae is 55 m,
although macroalgae has been found at depths up to 268 m (Gattuso et al.
2006). Benthic algae were obtained from the stomachs of sea urchins in depths
up to 60 m in this study.
POC and SST were also significant predictors in the final model for
δ13Cbase. The positive correlation between δ13Cbase and POC may be due to
correlations with nutrient concentration, as terrestrial runoff is an important
source of both nutrients, stimulating primary production, in the Gulf of Mexico
(Dagg and Breed 2003). Nutrient-rich regions near the coast could facilitate high
growth rates and large cell sizes, thus decreasing εp and increasing δ13C (Popp
et al. 1998; Riebesell et al. 2000). POC concentrations have been found to be
negatively correlated with εp and positively correlated with POC δ13C over the
course of a phytoplankton bloom (Kukert and Riebesell 1998).
SST is a common correlate with marine δ13C signatures (Rau et al. 1997;
Hofmann et al. 2000; Barnes et al. 2009). SST may be linked to phytoplankton
δ13C through εp and growth characteristics. Aqueous CO2 concentrations are
higher in cold water due to increased gas solubility, thus εp increases and algal
δ13C decreases in colder water (Rau et al. 1997). Maximum phytoplankton
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growth rates also increase in warmer temperatures (Eppley 1972), which could
decrease εp and thus increase δ13C (Riebesell et al. 2000).
Dynamic variables were slightly better at predicting δ13Cbase compared to
static variables: MAE = 0.57‰ for the best dynamic model and MAE = 0.67‰ for
the best static model. δ13Cbase had more temporal variability than δ15Nbase, as
δ13Cbase was best modeled with dynamic variables and δ15Nbase models created
with either static or dynamic variables had similar predictive power. The δ13Cbase
model created by the training data set explained more variability in the testing
species data set (R2 = 0.53 vs. 0.29), but the MAE of both models were fairly
consistent at 0.5‰. Further data sets from other time periods would likely
improve the accuracy of model predictions.

4.4.4 Sources of error and variability
The focus region was used to calculate basal resource use and trophic
level in order to keep variability in fish distribution and spatial isotopic gradients
from impacting calculations. All fish species occurred within this small and
centrally-located region. Phytoplankton likely becomes a more important basal
resource in deeper waters, but small sample sizes did not permit examination of
spatial variability in basal resource use. The results of the basal resource
calculations were applied to fish outside this focus region. It is possible that
spatial variability in basal resource use may have contributed to the mean
absolute errors in the models. Additionally, the basal resource factor (αBA) may
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not fully quantify all variability of diet and habitat use among the seven species
used in this study.
The isotopic turnover rate of consumers determines how rapidly shifts in
the isotopic baseline are reflected in consumers. While young fish may have
isotopic turnover half-lives on the order of days (McIntyre and Flecker 2006), the
isotopic half-life of juvenile or adult fish muscle tissue vary from 6 weeks to 8
months or longer (McIntyre and Flecker 2006; Buchheister and Latour 2010;
Nelson et al. 2011). Higher trophic levels may take longer to manifest changes in
the isotopic baseline as they will be influenced by the isotopic turnover rates of
their prey. Remote sensing data was averaged for three calendar months in this
study in order to capture some seasonal variability while also allowing sufficient
time for variations in the baseline to be manifested in consumers. Varying
turnover rates between fish of different species, metabolism, and ages introduces
an additional degree of variability that is not accounted for in the current model.
The use of MODIS-Aqua remote sensing data also has limitations. Models
developed to derive water-quality characteristics from satellite-detected ocean
color perform well in offshore Case 1 waters, where phytoplankton is the primary
driver of optical properties (Morel and Prieur 1977; Lee et al. 2005a). However,
remote-sensing is complicated in near-shore Case 2 waters, where substances
in terrestrial runoff such as suspended sediment and CDOM influence water
quality independent of phytoplankton (Morel and Prieur 1977; Hu et al. 2010).
Bottom reflectance also contributes to remote-sensing errors in shallow waters
(Hu et al. 2010). Kd(490) in particular can be subject to large errors in coastal
96

waters with high light attenuation (Lee et al. 2005a). Recently developed
methods do improve the calculation of Kd(490) from inshore MODIS-aqua data
(Lee et al. 2005a). However, in this study PAR(z) from regions with high light
attenuation (Kd(PAR) > 0.2) did not impact the significance of regressions or the
variables selected for the final models in Table 4.4. Remote sensing provides
data at a high spatial and temporal resolution, but this data only applies to the
surface layer of the ocean. As this study focuses on the benthic isotopic baseline,
much of the unexplained variability in the data set may be due to the differences
between surface and bottom water conditions.
Higher densities of data points increase the ability to reconstruct shortterm and small-scale variation in spatial isotopic patterns and decrease the
estimation error for both empirical and process-based isotopic models (Bowen
and Revenaugh 2003). The difference between the kriged and multiple
regression δ13C baselines were greatest in near-shore waters (Fig. 4.5). This
may be due to a combination of fewer trawling stations near shore (Fig. 4.1a) and
the rapid changes of water quality that occur in shallow waters. The low density
of data points in shallow waters and difficulties associated with remote sensing
near land hinder reconstruction of near shore isotopic patterns.
Some of the small-scale spatial variability in the kriging model isoscapes
(Fig. 4.4a and c) is likely the result of inherent variability in individuals or fish
movement rather than actual changes in the isotopic baseline. The presence of a
temporally consistent gradient implies these species must have some degree of
site fidelity to the WFS, as this gradient would be destroyed by long distance
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migrations. The three fish species in the training data set have all been noted to
exhibit mobility on continental shelves (Darcy 1986; Sánchez-Gil et al. 1994;
Jeffers et al. 2008). The seasonal inshore to offshore migration patterns of fish
species such as C. proridens, D. formosum, H. aurolineatum, L. rhomboides,
Syacium sp. may contribute to the variability seen in the δ13C depth gradient
(Manooch and Barans 1982; Darcy 1985; Darcy 1986; Sánchez-Gil et al. 1994;
Nelson et al. 2012).
The kriged isotopic baselines honored the data; the actual calculated
baselines for all stations shown in Fig. 4.1a were represented in the kriged
isoscapes in Fig. 4.4a and c. No nugget effect was applied in the variogram used
to create the kriged isoscapes, so the model is overfitted. In contrast, the multiple
regression model reflects general spatial patterns without overfitting, and thus
presents a more systematic image of isotopic gradients. The residuals between
the two models (Fig. 4.5) primarily emphasize the difference between a highly
fitted and a generalized model.

4.4.5 Conclusions
Benthic algae were an important basal resource for all ground fish species
examined on the WFS; fish species at higher trophic levels integrated carbon
from both benthic and planktonic sources. Spatial data and dynamic water quality
characteristics explained 78% and 53% of the variance in δ15N and δ13C baseline
isotopic data, respectively. Both baselines had significant spatial gradients (Table
4.3). δ15Nbase exhibited more temporal stability, as static variables predicted
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isotopic values as well as models created with both static and dynamic variables
(Table 4.4). Variability in δ15Nbase was explained by longitude, SST, and POC,
and was likely driven by spatial variation in nitrogen fixation and fluvial input.
Variability in δ13Cbase was explained by PAR(z), POC, and SST, and was likely
driven by variation in photosynthetic fractionation and species composition.
Predictors for both variables may not necessarily explain fractionation processes,
but may instead correlate with relevant processes.
Stable isotopes are a useful tool to study the importance of basal
resources to an assemblage of species. Isoscapes add a spatial dimension to
food web studies. With the establishment of an “isoscape terrain,” isoscapes can
be used to investigate the origin and migration of animals (Hobson et al. 2010).
The creation of empirical isoscapes based upon the collection and analysis of
large numbers of marine organisms requires costly ship time and analyses. The
models presented here, based upon publicly available remote sensing data, offer
the possibility to calculate a location and time-specific estimate of the isotopic
baseline on the West Florida Shelf without extensive sampling.
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Chapter 5. Detection and classification of phytoplankton deposits along
an estuarine gradient

Note to Reader
The contents of this chapter have been published (Radabaugh and
Peebles 2012) and are utilized with kind permission of Springer Science and
Business Media.

5.1 Introduction
Estuaries are dynamic and highly productive ecosystems, providing
abundant food resources to fish with estuarine-dependent life histories (Odum
1969; Deegan and Garritt 1997). Stable isotope analyses of estuarine consumers
often point to either phytoplankton or benthic microalgae as the basal resource
that supports biomass at higher trophic levels (Haines and Montague 1979;
Deegan and Garritt 1997). Yet, terrestrial runoff imparts temporal instability to
estuarine nutrient concentrations, light attenuation, and water residence times
that affect the relative dominance of planktonic and benthic primary producers
(Sand-Jensen and Borum 1991; Snow and Adams 2007; van der Molen and
Perissinotto 2011). Phytoplankton and microphytobenthos biomass are
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frequently negatively correlated due to competition for light and nutrients (SandJensen and Borum 1991; Vadeboncoeur et al. 2003).
For the juvenile stages of many biomass-dominant coastal fish species,
there is strong trophic dependence on deposit-feeding or grazing invertebrates
such as peracarid crustaceans and polychaetes (McIvor and Odum 1988; Edgar
and Shaw 1995). Phytoplankton deposition can either support this benthic
pathway by contributing additional organic matter as a food source (Marsh and
Tenore 1990; Quijón et al. 2008) or it may hinder it by causing habitat-limiting
hypoxia as microbial respiration accumulates during decomposition of
phytoplankton deposits (Paerl et al. 1998). Phytoplankton deposition can also
have a strong influence on sedimentary nutrient fluxes (Hansen and Blackburn
1992). These processes exert strong bottom-up controls on estuarine biomass,
yet the dynamics of phytoplankton deposition in shallow coastal waters remain
understudied (Quijón et al. 2008).
Most studies of phytoplankton deposition have been conducted using
sediment traps, which are necessary for estimating sedimentation rates but are
subject to the confounding effects of changes in current speed, turbulence,
density discontinuities, variability in particle sinking rates, biochemical
transformations, or mineral ballasting that intercede between particle flux
measurement and actual sedimentation (Smetacek et al. 1978; Gehlen et al.
2006). In contrast to the open ocean, where phytoplankton deposition may take
place over large areas and may vary over relatively long seasonal scales (Smith
et al. 1996), corresponding events within estuaries and other shallow, productive
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waters are prone to spatial and temporal variations at much smaller scales. This
diminishes the value of occasional estimates of sedimentation rate and increases
the need for observational resolutions that match the scale of variation in
organism habitat use (Dunning et al. 1992; Peebles et al. 2007).
The purpose of the present study is threefold. First, we develop and
assess a rapid, non-destructive, diatom-oriented method for detecting
phytoplankton deposition by comparing water-column chlorophyll fluorescence,
benthic chlorophyll fluorescence, and diatom composition at the sediment-water
interface. Second, we develop a system for classifying these observations to
distinguish dominance by benthic algae from the early, late, and post-event
stages of phytoplankton deposition. Finally, we investigate trends between these
classifications and freshwater inflow, location along the principal estuarine axis,
CDOM, dissolved oxygen concentration, and light attenuation.

5.1.1 Study area
The Caloosahatchee River estuary, located in southwest Florida, USA, is
a shallow, subtropical estuary that receives highly variable freshwater inflow from
direct terrestrial runoff and through controlled freshwater releases from the
Franklin lock and dam (Fig. 5.1).
High seasonal variability in water quality characteristics provides a
dynamic range in which to study phytoplankton blooms and deposition. During
the dry season, saline or brackish water can extend the full length of the estuary
(Doering and Chamberlain 1999). During the rainy season, which generally
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occurs from June to September in peninsular Florida, the estuary becomes
predominantly fresh, with a saline wedge extending from the estuary mouth to
variable distances upstream. Sediments in the region are primarily terrigenous
quartz sand and biogenic carbonate, with the proportion of carbonate and
sediment grain size increasing seaward (Huang and Goodell 1967). Organic
content in the water column increases in regions upstream, with the highest
organic concentrations near the Franklin lock and dam (Andreson 2011).

Figure 5.1 Sampling stations in the Caloosahatchee River estuary, Florida, USA.
Stations are labeled by the distance upriver (km) from the mouth of the estuary.

The quantity of freshwater released annually through the lock and dam is
over eight times the volume of the estuary itself (Doering and Chamberlain
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1999). High freshwater discharge pushes the chlorophyll maximum downstream,
resulting in low chlorophyll concentrations upstream and increased
concentrations in the lower estuary (Doering and Chamberlain 1999; Doering et
al. 2006). The estuarine turbidity maximum is significantly correlated with the
chlorophyll maximum; during periods of high freshwater flow, both maxima may
be flushed out of the estuary (Andreson 2011). Light is principally attenuated in
the water column by CDOM and phytoplankton. During periods of high
freshwater inflow, high CDOM and/or phytoplankton concentrations reduce light
availability for benthic primary producers (McPherson et al. 1990; Doering and
Chamberlain 1999; Doering et al. 2006). Phytoplankton sedimentation may
contribute to localized hypoxia within the Caloosahatchee estuary, as decreases
in dissolved oxygen (DO) concentrations have been recorded in the weeks and
months following phytoplankton blooms (Doering et al. 2006).
The human population within the Caloosahatchee River watershed has
increased markedly in the past few decades, and increasingly eutrophic
conditions have resulted in blooms of phytoplankton and algae (Turner et al.
2006). In the nearby Peace River and Charlotte Harbor estuary, organic matter
and biogenic silica content in sediment cores have increased steeply in the past
25 years (Turner et al. 2006). These increases are attributed to nutrient-driven
algal production within the estuary.
In a previous study of the region, the large size fraction (>20 µm) of
phytoplankton in moderate to high salinities was dominated by diatoms, with
seasonal importance of dinoflagellates (McPherson et al. 1990). The most
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common diatoms included five centric taxa (Skeletonema costatum, Odontella
sinensis, Corethron criophilum, Coscinodiscus centralis, Chaetoceras spp.) and
two pennate taxa (Rhizosolenia spp., Asterionella glacialis). The small size
fraction (<5 µm) was dominated by Cryptophyceae. Tolley et al. (2010)
performed a study in collaboration with the work presented here that identified
phytoplankton species abundance near the chlorophyll maximum in one sample
per month. Diatoms were the most abundant phytoplankton taxon, particularly
during low freshwater inflow conditions. Centric diatoms composed 54% of the
phytoplankton cells, whereas pennate diatoms composed only 7% (Tolley et al.
2010). Of the top ten phytoplankton species with highest total cell counts over
two years of sampling, there were four centric diatoms (Skeletonema subsalsum,
Aulacoseira spp., Melosira varians, and Skeletonema tropicum), two pennate
diatoms (Pseudo-nitzchia pungens and Fragilaria spp.), and four species of
cyanobacteria. Skeletonema subsalsum alone made up 40% of the
phytoplankton cells. Skeletonema diatoms thrive in eutrophic coastal waters in a
wide range of salinities and temperatures; they are often significant contributors
to phytoplankton blooms (Badylak and Phlips 2004).
Because centric diatoms are predominantly planktonic and pennate
diatoms are mostly benthic, the proportion of centric and pennate diatoms in
sediment samples has been used as an indicator of planktonic or benthic origin
(Cooper 1995; Grippo et al. 2010). There are important exceptions to these
categorizations, such as the planktonic pennate diatom Pseudo-nitzschia spp.
and the centric diatoms Coscinodiscus spp., which are found both in the water
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column and as part of the microphytobenthos (Lucas et al. 2001; Tolley et al.
2010). Despite these exceptions, the general trends of benthic pennate and
planktonic centric diatoms enable pennate diatoms to be used as a general
indicator for benthic microalgae and the presence of centric diatoms on the
benthos as a general indicator of phytoplankton deposition (Cooper 1995; Grippo
et al. 2010).

5.2 Methods
5.2.1 Sample collection and processing
Monthly surveys of the Caloosahatchee River estuary were conducted
from May, 2008 to April, 2010 (24 total surveys). Gauged freshwater inflows from
the Franklin lock and dam were provided by the South Florida Water
Management District. The surveys were conducted on nighttime flood tides at 14
stations along the longitudinal axis of the estuary (Fig. 5.1). At each station, a
multisensor tripod platform was deployed to collect data from both the water
column and the sediment-water interface. The platform was fitted with a YSI
6920 V2-2 sonde equipped with a 6025 chlorophyll fluorometer and depth
sensor, a Walz Diving-PAM (pulse-amplitude modulated) fluorometer, a WET
Labs ECO Triplet with a 700 nm scattering meter and CDOM fluorometer (Ex/Em
of 370/460 nm), a stainless steel remotely controlled well pump, and three
surface-sediment samplers.
The end of the PAM fluorometer’s fiber-optic cable was held at a constant
distance (3 mm) from the sediment-water interface by fixing it to a vertically
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sliding mount that rested on the sediment surface whenever the tripod rested on
the estuary bottom. The PAM fluorometer was triggered remotely via a laptop
computer, then lifted and moved to second and third locations along the length of
the 8 m boat to obtain triplicate measurements for each station. Prior to initial
(May 2008) deployment, the function of the sliding mount was verified and
sensitivity settings on the PAM fluorometer were adjusted by deploying the tripod
and sensors on a benthic diatom mat located on a sand bottom in <1 m depth in
Tampa Bay, Florida.
Minimum benthic fluorescence (Fo) was induced by a weak red LED light
(655 nm, pulse width 3 µs, 0.15 µmol quanta m-2 s-1 PAR at 10 mm distance) and
emission was measured at wavelengths >700 nm. Gain was set at the highest
setting and measurement frequency was set at 0.6 kHz. All other settings were
standard preset settings and all settings remained unchanged throughout the
two-year study. Because the sampling took place at night, it was not necessary
to wait for dark adaptation or to monitor light history effects. PAM fluorometer
data were not obtained for the four stations farthest upstream during the May,
2009 survey due to battery failure.
Under dark conditions, PAM fluorometry measures Fo when photosystem
II (PSII) reaction centers are oxidized, or “open,” to receive electrons. Maximum
fluorescence (Fm) occurs when the sample is exposed to saturating light and all
reaction centers are reduced, or “closed” (Serôdio et al. 1997; Consalvey et al.
2005). Dark-adapted Fo is the most commonly used PAM fluorometric proxy for
biomass of benthic microalgae (Jesus et al. 2006). The relative magnitude of Fo
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is independent of non-cyclic electron transport, and thus solely reflects structural
attributes. In contrast, Fm reflects physiological attributes of PSII and is more
variable in response to temperature, irradiance, and species (Serôdio et al. 1997;
Serôdio et al. 2001; Consalvey et al. 2005). Of the two parameters, Fo has a
stronger correlation (Pearson’s r >0.8) with chlorophyll a extracted from surficial
sediment samples (Serôdio et al. 1997; Serôdio et al. 2001; Honeywill et al.
2002). For these reasons, Fo was selected as a proxy for microphytobenthos
biomass in this study.
The surface-sediment samplers were a variation on the grease-plate
technique used in geological investigations (Rubin et al. 2007), wherein surface
sediments become imbedded in a coating of grease or other material applied to a
flat surface that is pressed against the substrate. In the present study, standard
microscope slides were used as grease plates. Each of the aluminum tripod legs
terminated in a pivoting, 6.8 cm diameter disk of high-density polyethylene
(HDPE) that had been milled on its bottom surface to accept a microscope slide
that was held in place by a stainless steel clip. Adjacent slide holders were 40 cm
apart, as measured along the tripod’s triangular perimeter. During the first survey
date (May, 2008), silicone vacuum grease was used as an adhesive. After this
initial deployment, the performances of various greases and other adhesives
were evaluated in tests involving an in-situ diatom mat (same as above),
resulting in the selection of clear silicone polymer sealant for routine use. Prior to
each tripod deployment, a labeled slide was inserted into each of the three HDPE
slide holders and the exposed slide surfaces were coated with silicone sealant.
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After making contact with the sediment at three locations (as part of triplicate
PAM fluorometry measurements), the tripod was retrieved and the slides were
transferred to a slide box for sealant curing and storage.
Approximately 100 diatoms per slide from two slides per station were
categorized as centric or pennate using light microscopy. In the case of low
diatom numbers, all diatoms present on all three slides were counted. At two
station-month combinations, the total number of diatoms collected was <40; the
diatom proportions from these stations were not included in data analyses. No
differentiation was made between live and dead diatoms. Due to the variation in
the amount of sediment that adhered to the silicone sealant, the number of
diatoms on the slide was not interpreted as an indication of abundance. This
proxy was not used as an indicator of biomass because a decrease in the
proportion of pennate diatoms would be indistinguishable from an increase in
proportion of centric diatoms. This proxy is solely used to determine if the
predominant origin of algae at the sediment-water interface was benthic or
planktonic.
Water samples were taken every month at each station for CDOM and
chlorophyll fluorometer calibration and were kept on ice until processing. Filtered
chlorophyll samples were extracted using 90% acetone and fluorescence was
measured on a Turner 10AU fluorometer according to standard methods in
Parsons et al. (1984). Calibration of chlorophyll was confounded by high levels of
CDOM in the estuary. CDOM can interfere with the signal detected by chlorophyll
fluorometers to the extent that apparent chlorophyll fluorescence may have a
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linear correlation with CDOM concentration (Proctor and Roesler 2010). This
trend was evident in the Caloosahatchee estuary, particularly in water masses
with low chlorophyll concentration, necessitating CDOM correction. Chlorophyll
was calibrated using a multiple regression with a backward stepwise selection of
variables:

ln(RFU) = a × ln(CDOM) + b × ln(chl) + c

(5.1)

where RFU is relative fluorescence (arbitrary units) recorded by the 6025 YSI
chlorophyll sensor, CDOM is the pre-calibration data from the WET Labs CDOM
fluorometer (arbitrary units), and chl is the chlorophyll concentration (µg L-1)
determined through filtration and extraction. The variables a and b are calibration
coefficients for CDOM and chlorophyll, respectively, and c is a constant. Eqn 5.1
was used to individually calibrate data from the 24 months of study. If filtered
chlorophyll concentrations were all lower than 6 µg L-1 for the month of interest,
or if there was not a statistically significant regression, then data from
neighboring months were included in the regression. CDOM was not always
selected as a statistically significant variable in the backwards stepwise selection
of variables; in such cases (4 of the 24 months), the 6025 fluorometer was
calibrated solely using the respective chlorophyll coefficient for that month. While
Eqn 5.1 effectively corrected for CDOM interference (see Fig. 5.2), this equation
may have resulted in high extrapolations for calibrated chlorophyll in ranges
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beyond those surface chlorophyll samples that were filtered and extracted for
calibration.

Figure 5.2 CDOM correction of YSI chlorophyll calibration. Chlorophyll RFU
(relative fluorescence units from the YSI 6025 chlorophyll fluorometer) as plotted
against the chlorophyll concentration derived from filtration and extraction of
water samples (a). Wide scatter of Chlorophyll RFU in regions of low chlorophyll
concentration is due to interference with CDOM. Calibrated chlorophyll
concentrations (b) were calculated from Eqn 5.1 as functions of RFU and CDOM.
Unique calibration equations were used for each of the 24 months of the study.
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All chlorophyll values were normalized during the classification system
procedure described below, compensating for this effect. The occurrence of
subsurface chlorophyll maxima in the estuary may be due to factors such as
vertical density discontinuities, optimal tradeoff between light and nutrients, or to
motile phytoplankton cells sinking in the water column at night as part of diel
vertical migration (Figueroa et al. 1998; Lund-Hansen 2011).
CDOM samples were kept on ice and filtered within 30 hours through
0.2 µm nylon membrane filters, then frozen until analysis. Absorbance (A(λ)) was
measured following the CDOM method described in Section 2.2.3. Absorption
coefficients (ag(λ), in units of m-1) were calculated from A(λ) using Eqn 2.2, and
spectral slope (S) was calculated using Eqn 2.3.

5.2.2 Calculation of light attenuation
Light attenuation at 500 nm (Kd(500)) was calculated in order to obtain an
estimate of light availability within the region of blue light absorption by diatoms
(Kirk 1994). Although 500 nm is higher than the 440-460 nm peak of blue light
absorption by chlorophyll, the high amounts of CDOM in the Caloosahatchee
River greatly attenuate these shorter wavelengths. Light absorption (a(λ)) was
calculated at 20 nm intervals as the sum of light absorption by water, CDOM, and
phytoplankton (aw(λ), ag(λ), and ap(λ), respectively):

a(λ) = aw(λ) + ag(λ) + ap(λ)

(5.2)
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aw(λ) values are from IOCCG (2006). ag(λ) was calculated from calibrated CDOM
fluorometer values and slope values determined in Eqn 2.3. Chlorophyll-specific
absorption coefficients (a*ph(λ)) were not measured during this study, so ap(λ)
and a*ph(λ) were calculated using wavelength-specific A(λ) and B(λ) coefficients
from Bricaud et al. (1995) and water-column chlorophyll concentration ([chl]):

ap(λ) = a*ph(λ) × [chl] = (A(λ) [chl]-B(λ) ) × [chl]

(5.3)

CDOM and chlorophyll data are the average of calibrated values measured at the
surface and at the bottom of the river at each station. Particulate backscatter
(bbp(λ)) measured by the WET Labs scattering meter at 700 nm was converted to
other wavelengths by assuming a spectral slope of 0.5 for relatively large
particles (Carder et al. 1999):

bbp(λ) = bbp(700) × (700 / λ)0.5

(5.4)

Kd(λ) was calculated for every station-month combination as follows (Lee et al.
2005b):

Kd(λ) = (1 + 0.005 × θa) × a(λ) + 3.47 × (bbp(λ) + bbw(λ))

(5.5)

where θa is the zenith angle at solar noon for the first of each sampling month.
Values for backscatter by water molecules (bbw(λ)) are from IOCCG (2006).
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5.2.3 Event classification system
The classification system was designed to ordinate all possible
combinations of the three variables along an axis that corresponded to the
following four-part sequence: benthic dominance, early phytoplankton deposition,
late phytoplankton deposition, and post phytoplankton deposition. The
classifications were intended to determine whether benthic or planktonic
processes dominated conditions at the sediment-water interface, but were not
intended to compare rates of primary productivity between the sediment and
water column.
Prior to classification, maximum water-column chlorophyll concentration
(Cmax), average benthic fluorescence (Fo), and the proportion of centric diatoms
at the sediment-water interface (Pc) were normalized by Box-Cox transformation
and standardized to a range of -1 to 1 using linear regressions to create their
standardized counterparts, C*max, F*o, and P*c. Data transformation and
standardization were conducted independently for each of these parameters at
each of the 14 stations (i.e., each station had up to 24 monthly observations for
each parameter).
C*max, F*o, and P*c values were simultaneously fit to sine functions based
on achieving the least residual sum of squares among the three parameters. Of
the 336 observations (24 months × 14 stations), 6 were fit using only two
parameters due to the previously mentioned battery failure or low diatom yield.
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The phase offset for the C*max sine function was held constant at -90°, such that
C*max = sin(x – 90°), where x is a complete 360° cycle. This reflects the
assumption that C*max will peak in the middle of the four-part sequence (i.e.,
water-column chlorophyll will reach a maximum at some point between early and
late phytoplankton deposition). We expected P*c to peak shortly after C*max due
to the primarily planktonic origin of centric diatoms, and assigned a nominal 45°
delay to represent this offset (first falsifiable hypothesis: peak P*c is delayed
relative to peak C*max, such that P*c ≈ sin(x - 135°)). We also postulated F*o
would reach its minimum during the peak of P*c due to senescent phytoplankton
cells hindering detection of benthic algal fluorescence (second falsifiable
hypothesis: F*o will have a 180° offset relative to P*c, such that F*o ≈ sin(x 315°)). Individual observations were allowed to var y simultaneously with the
hypothesized sine function phase offsets for F*o and P*c relative to C*max in order
to minimize the residual sum of squares using Microsoft Excel’s Solver add-in.
The above process was repeated for each of the 14 stations. The 360° cycle was
subdivided equally, binning each of the 336 observations into one of the four
event classes. A Kruskal-Wallis ANOVA, performed using STATGRAPHICS
Centurion XVI, was used to evaluate the variation between classifications with
regard to station location on the estuarine axis, CDOM absorption, freshwater
inflow rate, and DO concentration.
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5.3 Results
15-day average freshwater inflows from the Franklin lock and dam varied
from 0 to 33.8 m3 s-1 during periods of low freshwater inflow (15 months), and
from 57.1 to 156.4 m3 s-1 during high freshwater inflow (9 months). During low
freshwater inflow, saline conditions extended to the dam, with salinity levels as
high as 19.5 psu observed at the station 41 km upstream. Although the wet
season in south Florida generally begins in June, low freshwater releases in June
of 2008 resulted in estuarine conditions similar to the dry season. High
precipitation and freshwater inflow in March and April of 2010 resulted in
conditions similar to the wet season.
Cmax was highest in the region 20-30 km upstream during low freshwater
inflow (Fig. 5.3a). During high freshwater inflow, the chlorophyll maximum was
pushed downstream. During both high- and low-inflow conditions, Pc increased
upstream (n = 334, Pearson’s r = 0.64, p <0.0001). The open-bay region
seaward of the estuary mouth (<0 km upstream) was dominated by pennate
diatoms (Fig. 5.3b) and had the highest Fo in the estuary (Fig. 5.3c), particularly
during high freshwater inflow. The average CDOM absorption coefficient
increased both with distance upstream (n = 336, Pearson’s r = 0.42, p <0.0001,
Fig. 5.3d) and with freshwater inflow rate (n = 336, Pearson’s r = 0.75, p
<0.0001). Average water depth at the stations ranged from 1.5 to 4.0 m (Fig.
5.3d). Upstream portions of the estuary generally had greater phytoplankton
biomass and sedimentation with less benthic algae, as indicated by high Cmax,
high Pc, and low Fo.
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Figure 5.3 Comparison of average Cmax (a), Pc (b) Fo (c, units are arbitrary), and
CDOM light absorption at 440 nm (d) during high (>50 m3 s-1, 15-d average) and
low (<50 m3 s-1) freshwater inflow as a function of distance upriver from the
estuary mouth. Error bars are standard error. Average water depth is also
plotted in (d); error bars are smaller than symbols.
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Cmax was often far larger than the mean water-column chlorophyll
concentration, but was similar to previously documented ranges of chlorophyll
concentration in the Caloosahatchee estuary (Doering et al. 2006). Surface water
samples were used for calibration, yet the maximum chlorophyll concentration as
detected by the YSI fluorometer often occurred below the surface. Values that
were extrapolated beyond calibration values are marked by open symbols in
Figs. 5.4 and 5.5.

Figure 5.4 Regions of dominance by benthic algae or phytoplankton deposition
during an example of low freshwater inflow (a) and high freshwater inflow (b).
Primary production pathways indicated by Cmax (open squares indicate
chlorophyll calibration was extrapolated beyond filtration data), Fo with standard
error bars, and Pc.
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Fig. 5.4 provides an example of spatial and seasonal variation in
planktonic and benthic parameters. During low freshwater inflow (Fig. 5.4a),
downstream reaches had low Cmax, low Pc, and high Fo, which is consistent with
benthic algal dominance at the sediment-water interface. In contrast, the
upstream reaches had the opposite combination of trends, which is consistent
with phytoplankton deposition. In the high freshwater inflow example (Fig. 5.4b),
Cmax was shifted downstream and Pc was high throughout much of the estuarine
length, indicating phytoplankton deposition was widespread. In the upstream
reaches, low Cmax and high Pc indicate phytoplankton deposition events
preceded the survey.
Monthly Cmax and diatom characteristics were variable (Fig. 5.5). During
periods of low freshwater inflow, the chlorophyll maximum frequently occurred at
the stations 26.9 or 30.2 km upstream, where the river widens into a broad
estuary (see Fig. 5.1). The estuary was not always easily divided into regions of
phytoplankton deposition or benthic algal dominance as in Fig. 5.4, prompting the
development of the classification system.
Fig. 5.6a illustrates starting conditions prior to model fitting and Fig. 5.6b is
an example of fitted sine functions. The phase offsets between sine functions
were simultaneously altered along with the relative position of each month’s
observations to reduce the residual sum of squares (RSS), which quantifies the
distance between data points and the sine waves.
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Figure 5.5 Monthly
variability in Cmax
and Pc. Shading
indicates high
freshwater inflow,
open squares
indicate chlorophyll
calibration was
extrapolated
beyond filtration
data.

Figure 5.6 System used to classify conditions at the sediment-water interface.
Phytoplankton bloom and deposition cycles based on normalized and
standardized variables C*max, F*o, and P*c, with starting conditions (a) and an
example (km 2.5) of a least-squares fit of observational data (b). Phase offsets
and the relative positions of data were allowed to vary simultaneously to find the
minimum residual sum of squares. Results of this procedure for each station are
presented in Table 5.1.
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Table 5.1 displays the fitted offsets at each station; R2 provides the
percent of variance explained by the model. The phase offsets between the sine
functions were highly consistent among stations with the exception of the station
located farthest downstream (-5.9 km). The -5.9 km station was exposed to
higher tidal and wind energy, was less depositional in nature, and had a longer
delay between peak C*max and peak P*c (the mean offset between C*max and P*c
for the 13 other stations was 41°; at -5.9 km this offset was 119°; one-tailed t = 29.5, p <0.0001 at α = 0.05). Substantial phytoplankton sedimentation events
were never observed at this location; with the exception of one month, surface
sediments contained >87% pennate diatoms.
Table 5.1 Fitted phase offsets (degrees) for each station using the model shown
in Fig. 5.6. R2 (in parentheses) and asterisks denote significance of relationship
between model and standardized data points. The sine function for C*max was
held fixed at C*max = sin(x - 90°), while phase offsets for P*c and F*o were allowed
to vary simultaneously.
Station
(km upriver)

Maximum
water-column
chlorophyll
(C*max)
-5.9
90 (0.41)**
-3.6
90 (0.85)**
2.5
90 (0.78)**
5.2
90 (0.55)**
7.7
90 (0.71)**
10.6
90 (0.68)**
16.2
90 (0.48)**
20.0
90 (0.73)**
24.2
90 (0.71)**
26.9
90 (0.70)**
30.2
90 (0.72)**
34.4
90 (0.71)**
37.1
90 (0.60)**
41.0
90 (0.20)*
*p <0.05, **p <0.001

Proportion centric
diatoms at
sediment-water
interface (P*c)
209 (0.93)**
134 (0.87)**
130 (0.84)**
137 (0.85)**
128 (0.71)**
119 (0.80)**
120 (0.77)**
129 (0.63)**
121 (0.85)**
126 (0.78)**
143 (0.80)**
142 (0.81)**
148 (0.87)**
121 (0.55)**
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Benthic
fluorescence
(F*o)
274 (0.42)**
323 (0.42)**
254 (0.43)**
274 (0.33)*
250 (0.30)*
253 (0.34)*
261 (0.16)
291 (0.12)
252 (0.69)**
272 (0.45)**
299 (0.56)**
293 (0.62)**
295 (0.76)**
262 (0.57)**

Phase offsets between C*max and P*c were significantly different from 0° (p
<0.0001, either with or without the -5.9 km station), supporting the first
hypothesis of a delay existing between peak water-column chlorophyll and peak
deposition. Fitted offsets did not correlate with distance upstream for either P*c
(km -5.9 omitted, n = 13, p = 0.51) or F*o (p = 0.84). The RSS from each model
also did not improve or diminish with distance upstream (p = 0.52). The data
points for many stations clustered in the transitioning stages of the classification
system in the regions near 90° and 270°.
Contrary to the second hypothesis, F*o was diametrically opposed to C*max
rather than to P*c in the fitted sine functions. The mean offset between F*o and
C*max (185°) was not different from 180° (two-tailed t = 0.83, n = 13, p = 0.42),
whereas the mean offset between F*o and P*c (145°) was different (two-tailed t =
-7.20, p <0.0001); these respective offsets were significantly different from each
other (two-tailed t = 5.05, p <0.0001). In this respect, F*o was in greater
opposition to C*max than to P*c. This result is further supported by the data from
km -5.9, where P*c had a much longer delay after C*max, yet the offset between
F*o and C*max persisted at an estimated 184°.
The observations in the four classifications are compared to environmental
conditions in Fig. 5.7. Regions dominated by benthic algae were predominantly
downstream (Fig. 5.7a), supporting the trend that was evident without using the
classification system (Fig. 5.3). The CDOM absorption coefficient was
significantly lower during benthic dominance and early phytoplankton deposition
(Fig. 5.7b). More observations fell into the post phytoplankton deposition class
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when freshwater inflow rates were elevated (Fig. 5.7c). Fig. 5.7d indicates DO
concentrations in the lower water column (as measured ~20 cm above the
estuary bottom) were significantly lower in regions that fell into phytoplankton
deposition classes. There were no significant differences between the median
water depths among the phytoplankton deposition classes (Kruskal-Wallis test, p
= 0.21).
Figure 5.8a shows the average light attenuation and absorption due to
phytoplankton and CDOM at 500 nm for the stations categorized into the four
phytoplankton event classes. Median Kd(500) was significantly higher during late
and post phytoplankton deposition classes (Kruskal-Wallis test, p <0.0001).
CDOM was the primary contributor to light attenuation, as shown in an example
attenuation spectrum (Fig. 5.8b) that was calculated using average values from
the early phytoplankton deposition event class.
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Figure 5.7 Event-class distributions of distance upriver from estuary mouth (a),
absorption coefficient of CDOM at 440 nm (b), freshwater inflow rate from the
Franklin lock and dam (c), and lower water-column dissolved oxygen saturation
(d). Data are presented as medians with 95% confidence intervals. Numbers
above event classes are sample size. Letters identify statistically different
medians (p <0.05) according to the Kruskal-Wallis test.
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Figure 5.8 Light environment characteristics in the Caloosahatchee River
estuary. Average vertical light attenuation, absorption by phytoplankton, and
absorption by CDOM at 500 nm (Kd(500), ap(500), and ag(500)) for stations
categorized into the four event classes (a). Error bars are standard error; see Fig.
5.7 for sample sizes of event classes. An example (b) of wavelength specific Kd,
ag, ap, particulate backscatter (bbp), and absorption by water molecules (aw) from
the early phytoplankton deposition event class.
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5.4 Discussion
5.4.1 Diatom composition
Phytoplankton sinking and deposition are affected by zooplankton
grazing, buoyancy, water depth, turbulence, resuspension, and formation of
aggregate clumps (Smetacek et al. 1978; Kohler et al. 2002; Gehlen et al. 2006).
Deposited cells do not necessarily reflect the composition of suspended
phytoplankton due to variation in buoyancy. The pennate vs. centric diatom proxy
is a diatom oriented technique, but centric diatoms do have significantly faster
sinking rates than chlorophytes, leading to twice as much sedimentation loss in
rivers (Kohler et al. 2002). Heavy silica cell walls cause diatoms to have faster
sinking rates than other phytoplankton of similar size, although long spines on
some colonial diatoms may reduce sinking (Wehr and Sheath 2003). The slow
sinking rates of smaller cells and nonsiliceous phytoplankton can increase with
cell aggregation (Rabalais et al. 2002; Wehr and Sheath 2003).
While diatoms may be more prone to sedimentation than other types of
phytoplankton, a drawback to the pennate vs. centric diatom proxy is that it does
not incorporate other phytoplanktonic taxa. Although cyanobacteria and
dinoflagellates are an important part of the phytoplankton in the Caloosahatchee
estuary (McPherson et al. 1990; Tolley et al. 2010), they were only occasionally
observed on the grease plates. The grease-plate method only captures surficial
sediment and algae; this proxy likely does not capture the full diversity of
deposited phytoplankton due to interference with vertical diatom migration,
bioturbation, rapid sedimentation rates, and variable decomposition rates.
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Species-specific identification of all algae present in a sediment sample would be
necessary to fully analyze phytoplankton deposition. Previous methods
examining the proportions of centric and pennate diatoms remove diatoms from
sediment cores (Cooper 1995; Grippo et al. 2010). While the grease-plate
sampling method only provides data about microalgae present at the sedimentwater interface, it is non-destructive and permits repetitive sampling of the same
location.
Another factor influencing detection of deposited diatoms is the rate of
silica dissolution. This rate varies among species; diatom taxa with higher
surface area to volume ratios are more susceptible to dissolution (Barker et al.
1994). In laboratory experiments conducted at 23 °C (water temperatures in the
study area averaged 25.2 °C), approximately 20% of initial particulate silica
dissolved over the course of 9 days (Lawson et al. 1978). Considering this,
diatoms deposited many days before sampling may have been included in the
sample, enabling detection of post-sedimentation events. Silica in diatom walls
dissolves more quickly in higher temperatures, higher pH, and in dead cells
(Lewin 1961). Higher salinities reduce silica dissolution to an extent that depends
on the salt type (Barker et al. 1994). Thus the grease-plate method will likely
favor diatoms in higher salinities with thick silica walls due to their faster sinking
rates, resistance to resuspension, and slower dissolution rates (Barker et al.
1994; Wehr and Sheath 2003).
As previously mentioned, the Tolley et al. (2010) study was performed
in collaboration with the work presented here, thus the Pc values can be
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compared with phytoplankton species data from the same time periods and
stations. Pc was significantly correlated with the proportion of centric diatoms in
the phytoplankton community (n = 24, Pearson’s r = 0.51, p = 0.01). There was
no significant relationship between the proportion of pennate diatoms in the
phytoplankton and at the sediment-water interface (n = 24, p = 0.16). The
significant relationship between proportions of centric diatoms and the lack of
relationship between pennate diatoms are supportive of the grease-plate
sampling technique and the centric vs. pennate proxy for phytoplankton
deposition. However, Pc was not significantly correlated with the total number of
planktonic centric diatoms or with total phytoplankton abundance (n = 24, p =
0.07 and 0.14, respectively). Comparison of algae present in the water column
and at the sediment-water interface is not a perfect indicator to test the greaseplate proxy, as the samples were collected simultaneously, not allowing time for
sedimentation.
Sampling on a flood tide may tend to disassociate Cmax and Pc.
Phytoplankton abundance in estuaries is often highest in the upstream reaches
during high tide, after which phytoplankton biomass is drawn seaward by the
ebbing tide (Trigueros and Orive 2000). By sampling on the flood tide, this study
may have emphasized the upstream reaches and de-emphasized the
downstream range of a phytoplankton bloom.
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5.4.2 Benthic fluorescence
PAM fluorometry is not exclusive to diatom fluorescence; cyanobacteria
fluorescence is also included in Fo, particularly at the red wavelengths used in
this study (Consalvey et al. 2005). With only one set of excitation and emission
wavelengths used for Fo, it is not possible to distinguish between fluorescence
contributions by benthic algae or live, settled phytoplankton. Low Fo may be due
to low benthic microalgal biomass, decreased chlorophyll concentrations within
benthic algal cells, or it may result from degraded phytoplankton with inactive
chlorophyll blocking the fluorescence emitted by live benthic algae (Serôdio et al.
1997; Honeywill et al. 2002). In 13 of the 14 station-specific analyses, there were
no significant correlations (p >0.05) between Pc and Fo. This suggests the
decrease in Fo during phytoplankton deposition was due to decreased benthic
microalgal biomass rather than to centric diatoms with inactive chlorophyll.
Fo correlation with extracted sediment chlorophyll a is influenced by the
natural photic depth within sediments and diatom mats (Serôdio et al. 1997), the
presence of inactive chlorophyll (Honeywill et al. 2002), and by depth limits on
the PAM fluorometer’s ability to excite and detect emissions. Serôdio et al.
(1997) estimated the photic depth to be ~270 µm, while Kromkamp et al. (1998)
estimated 75% of PAM-induced fluorescence emanated from sediment depths
<150 µm. Both of these depths depend on grain size and organic matter content
(Consalvey et al. 2005). For the sedimentation classification system in this
study, Fo was only compared to values from the same location, thus it was not
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necessary to correct for variation in grain size and sediment light attenuation
throughout the estuary.
The distances travelled by vertically migrating diatoms, reported by
Serôdio et al. (1997) to be at a scale of several millimeters, is an order of
magnitude greater than estimates of the vertical limits of photic and
excitation/detection depths. The classic diatom migration pattern is movement to
depth prior to flood tides, although this can vary locally with changes in physical
conditions and taxonomic composition of the diatom community (Serôdio et al.
1997; Serôdio et al. 2001). Samples in this study were collected on flood tides,
which may have the practical consequence of emphasizing emission from
phytodetritus over that of benthic microalgae, given the classic migration pattern.

5.4.3 Sine function classification system
It was soon realized that a simplistic approach such as categorizing
observations on the sole basis of centric diatom predominance did not sufficiently
capture the dynamics of phytoplankton deposition. For example, regions
dominated by centric diatoms at the sediment-water interface had wide ranges of
Cmax and Fo. The sine wave classification system does not imply that Pc, Cmax
and Fo will always follow standard sine-wave functions. Rather, the oscillation
allows for simultaneous variation with staggered response time between the
three defining proxies.
In the proposed falsifiable hypothesis, F*o was expected to decrease when
P*c increased due to senescent, degraded phytoplankton hindering detection of
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benthic algae fluorescence. Afterwards, F*o was expected to increase with
decreased P*c as benthic microalgal biomass recovered. Rather than being
diametrically opposed to P*c as hypothesized, the fitted phase offsets for F*o
were more opposed to C*max (Fig. 5.6b, Table 5.1). This trend, coupled with the
ubiquitous delay between C*max and P*c, indicates the decrease in F*o may be
the result of a reduction in benthic microalgal biomass due to increased light
attenuation (Vadeboncoeur et al. 2003) rather than to senescent phytoplankton
cells interfering with the detection of benthic algal fluorescence. This explanation
is supported by the negative correlation between Fo and Kd(500) (n = 332,
Pearson’s r = -0.23, p <0.0001).
Absorption by CDOM was responsible for most of the light attenuation
within the range of PAR (Fig. 5.8b). CDOM attenuates very strongly in shorter
wavelengths of PAR, which may drive benthic algae to rely on carotenoids to
absorb PAR outside the traditional chlorophyll peak absorption range of 440-460
nm (Kirk 1994). Carotenoids in benthic diatoms can extend the wavelengths
useful for photosynthetic activity to the 500-550 nm range (Kirk 1994). In spite of
adaptations for low light conditions, high CDOM absorption may limit benthic
photosynthesis in much of the estuary. The two likely triggers for the benthic-toplanktonic transition in the downstream regions of the estuary during high
freshwater inflow are (1) the water-column chlorophyll maximum being pushed
downstream (Fig. 5.3a) and (2) high light attenuation by CDOM hindering the
growth of benthic algae (Fig. 5.3d).
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When light limitation by CDOM and other materials restrict photosynthesis,
benthic diatoms can resort to heterotrophy and take up organic compounds from
the surrounding environment (Tuchman et al. 2006). Heterotrophy can decrease
chlorophyll fluorescence in diatoms as cells decrease cellular chlorophyll content
in favor of allocating metabolic energy toward uptake of organic molecules
(Znachor and Nedoma 2010). Heterotrophy may be important for benthic diatoms
in the Caloosahatchee estuary due to high levels of light attenuation; this strategy
may be partially responsible for decreases in Fo.
Phytoplankton blooms in the Caloosahatchee estuary have been noted to
influence benthic conditions weeks to months later (Doering et al. 2006); it is
likely that bentho-pelagic coupling in the estuary also occurs on shorter time
scales. Units of time were not quantified in this classification system, as the onemonth sampling resolution could not capture the highly variable rates of response
between the interacting parameters. The x-axis in Fig. 5.6 should be regarded as
a sequence of events rather than a time scale. Even in the relatively restricted
case of site-specific sine functions, the progression through the phytoplankton
bloom-deposition cycle will have inherent temporal variability. Nevertheless, the
simplicity of this sampling method is ideal for high spatial and temporal
resolution, facilitating future studies on the development and duration of
phytoplankton sedimentation events.
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5.4.4 Estuarine dynamics
The increase in phytoplankton deposition in regions upriver (Fig. 5.7a)
was likely linked to increases in nutrient concentrations farther upstream
(Doering and Chamberlain 1999; Doering et al. 2006), provided water residence
times were favorable for phytoplankton bloom formation. As freshwater inflow
increased and residence times diminished, all that remained in these upstream
areas was evidence of earlier sedimentation events (Fig. 5.7c). The post
phytoplankton deposition category dominated (n = 119) the 336 station-month
combinations, indicating remnants of prior sedimentation events are common for
this estuary. The relationship between benthic dominance and CDOM levels (Fig.
5.7b) was also linked to estuarine dynamics. Benthic algae dominated in
downstream regions with low light attenuation by CDOM and phytoplankton (Fig.
5.8).
Decomposition of phytoplankton deposits can lead to benthic hypoxia
(Paerl et al. 1998). In this study, the lower water-column DO concentration was
significantly lower during phytoplankton deposition events compared to locations
dominated by benthic algae (Fig. 5.7d), supporting previously documented
correlations between chlorophyll concentration and DO in the Caloosahatchee
estuary (Doering et al. 2006). The wide range in DO levels demonstrated that
although phytoplankton deposition was more likely to be associated with lower
DO, phytoplankton deposition did not ubiquitously decrease oxygen levels.
Temperature, circulation, and geomorphology moderate or enhance the effect of
organic loading on DO concentrations. The higher DO seen in regions of benthic
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dominance may be attributed to decreased phytodetritus decomposition, greater
tidal and wind mixing in downstream areas, and perhaps increased oxygen
production by microphytobenthos (Snow and Adams 2007).
The occurrence of phytoplankton deposition at all except the station
farthest downstream emphasizes the temporal variability of bentho-pelagic
coupling in estuaries. Conditions at the sediment-water interface frequently shift
between benthic- and planktonic-dominated processes, supporting the idea that
estuaries tend to remain in the early stages of ecosystem succession (Odum
1969). Many aquatic organisms are reliant on either the benthic or planktonic
pathway, with higher trophic levels being more likely to obtain biomass from both
pathways (Vander Zanden and Vadeboncoeur 2002; Rooney et al. 2006). The
coexistence of these two fluctuating basal resources imparts resilience to the
food web, as consumers can alternately focus on the more productive pathway
(Rooney et al. 2006). The highly productive planktonic pathway has a fast
turnover rate and influences benthic primary production through light attenuation,
phytodetritus deposition, and nutrient dynamics (Hansen and Blackburn 1992;
Rooney et al. 2006; van der Molen and Perissinotto 2011). The impact of
phytoplankton deposition will be most significant for trophic pathways that are
solely reliant on the benthos, as phytoplankton sedimentation increases organic
matter for benthic consumers, yet an overabundance of this same phytodetritus
material can cause hypoxic conditions that limit habitat for benthic-feeding
organisms.
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5.4.5 Conclusions
The grease-plate technique and centric vs. pennate diatom proxy were
non-destructive and reflected phytoplankton deposition, as evidenced by the
correlation with centric diatom predominance in the water column. However, this
proxy is relative and does not quantify abundances of either benthic microalgae
or deposited phytoplankton. When Cmax, Pc and Fo are coupled with locationspecific, best-fit sine functions, they provide a method for detecting microalgal
bloom cycles in shallow-water ecosystems that is consistent and repeatable
(Table 5.1), and is practical for sampling with high spatial and temporal
resolution. The results support the following relationships: (1) benthic dominance
was most common downstream, where light attenuation by CDOM and
phytoplankton was minimal, (2) peak phytoplankton deposition occurred after,
rather than during, peak water-column chlorophyll concentration, and (3)
phytoplankton deposition dominated upstream regions of the estuary and was
associated with reduced dissolved oxygen concentrations.
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Chapter 6. Staggered responses of phytoplankton and benthic isopods to
acceleration of freshwater flow

6.1 Introduction
6.1.1 Estuarine zooplankton aggregations
The high rates of primary productivity and diverse habitats present in
estuaries support an abundant array of planktonic and benthic consumers.
Appropriate habitat within estuaries is often spatially ephemeral due to variable
freshwater flow rates and associated water quality parameters (Laprise and
Dodson 1993; Drinkwater and Frank 1994; Sin et al. 1999; Taylor and Rand
2003). Stable isotopic diet studies show that many estuarine consumers have a
strong reliance on either benthic or planktonic basal resources (Haines and
Montague 1979; Deegan and Garritt 1997). Thus optimal habitats for benthic or
planktonic consumers will vary, as benthic and planktonic primary productivity
are often inversely related due to competition for light and nutrients (SandJensen and Borum 1991; Cahoon and Cooke 1992; Caddy 2000; Vadeboncoeur
et al. 2003). Phytoplankton deposition, as discussed in Chapter 5, can either
support the benthic pathway by providing organic matter or hinder it by causing
decomposition-induced hypoxia (Marsh and Tenore 1990; Paerl et al. 1998;
Caddy 2000).
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Freshwater flow rate has a strong impact on estuarine habitat through its
influence on nutrient concentration, salinity, and water residence time (Doering
and Chamberlain 1999; Sin et al. 1999; Xia et al. 2010). The abundances of
phytoplankton, fish, and benthic invertebrates within estuaries can increase with
freshwater flow due to increases in nutrient concentrations and stratification,
which helps to retain phytoplankton within the euphotic zone (Drinkwater and
Frank 1994; Hart and Finelli 1999; Kimmerer 2002). However, organismal
abundances may also decrease in high freshwater flow due to osmotic stress,
dispersal, and washout (Drinkwater and Frank 1994; Sin et al. 1999; Anger 2003;
Andreson 2011).
Zooplankton and fish larvae within estuaries often clump together in
statistically significant aggregations (Hood et al. 1999; Zakardjian et al. 1999;
Peebles 2002; Taylor and Rand 2003). Freshwater flow rate, water residence
time, density gradients, and eddies provide a physical explanation for some
passive accumulations of phytoplankton and zooplankton (Hood et al. 1999;
Zakardjian et al. 1999). However, estuarine organisms may also aggregate in
favorable habitat through active swimming or selective tidal-stream transport
(STST). During STST, animals selectively use strong currents during an ebbing
or flooding tide for transportation (Hill 1991; Queiroga et al. 1997; Gibson 2003).
Tidal transport can occur when vertical migrations by organisms coordinate with
tidal cycles, including diel migrations (Hill 1991; Queiroga et al. 1997; Zakardijian
et al. 1999). STST enables animals to reach habitats with greater food availability
and lower risks of predation (Hart and Finelli 1999; Gibson 2003).
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The location of zooplankton aggregations within rivers and estuaries are
often related to rates of freshwater flow (Hood et al. 1999; Sin et al. 1999;
Flannery et al. 2002). However, some larval fish and zooplankton species
strongly associate with each other (Peebles 2002; Taylor and Rand 2003;
Peebles et al. 2007). While Anchoa mitchilli juveniles and the mysid
Americamysis almyra have a significant relationship with flow rate, they have an
even stronger correlation with each other, implying other factors influence their
aggregation location (Peebles et al. 2007). This strong inter-correlation among
different species of zooplankton prompted this investigation to determine if basal
resource availability contributed to habitat selection.

6.1.2 Introduction to Edotia triloba
Benthic organisms within estuaries may also aggregate in optimal habitats
determined by bottom type, salinity, environmental stability, and depositional
state (Laprise and Dodson 1993; Hart and Finelli 1999; Hartwell and Clafin
2005). The present study focuses on Edotia triloba, the mounded-back isopod. E.
triloba is a small (~0.5 cm) free-living isopod often found in benthic mud of
depositional regions of estuaries (Hartwell and Clafin 2005). As a species they
aggregate strongly with each other, but the locations of these aggregations vary
(Hartwell and Clafin 2005; Peebles and Greenwood 2009). Like many estuarine
species, the center of abundance of E. triloba shifts to regions further
downstream during periods of high freshwater flow (Flannery et al. 2002; Peebles
and Greenwood 2009; Tolley et al. 2010).
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While physical forcing by water velocity explains general trends in the
location of E. triloba, the isopods may also be selectively moving to regions of
optimal habitat within the estuary. Although limited data is available on STST by
E. triloba, other isopods do exhibit variability in swimming activity that correlate
with tidal cycles (Jones and Naylor 1970; Gibson 2003). Benthic organisms can
make use of water currents for transport and dispersal through active vertical
swimming or passive entrainment in water currents (Hart and Finelli 1999;
Gibson 2003). E. triloba are benthic feeders, and thus may benefit from regions
with high amounts of benthic primary production or sedimentation of planktonic
organic matter. The objective of this study was to determine if E. triloba
aggregates in regions of optimal basal resource availability within the
Caloosahatchee River estuary.

6.2 Methods
24 Monthly surveys were conducted from May, 2008 to April, 2010
following the procedure described in Section 5.2 (Radabaugh and Peebles
2012). Zooplankton collection was conducted simultaneously with water quality
sampling on a separate vessel. Zooplankton were collected in a 500-µm Nitex
mesh net with a 0.5-m mouth diameter, 20 kg ring weight, and a General
Oceanics model 2030R flowmeter (Tolley et al. 2010). The net was towed from
an outboard-powered boat for 5 min with an estimated tow speed of 1.0-1.5
m s-1. Tow location within the water column was divided equally between bottom,
middle, and surface waters. The catch was washed down into a plastic cod-end
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jar and preserved in 6-9% buffered formalin. Laboratory enumeration and
identification of zooplankton was conducted using dissection scopes. See Tolley
et al. (2010) for further detail on sampling efforts. Water-column chlorophyll
measurements and calibration were conducted as described in Section 5.2.
Gauged freshwater inflows from the Franklin lock and dam were obtained
from the South Florida Water Management District. 15-day freshwater flow was
calculated as the average flow rate for the 15 days before the first day of
sampling (units m3 s-1). Acceleration of flow was calculated as the slope of water
velocity, starting various days before sampling and ending on the first day of
sampling (units m3 s-1 d-1). All statistical analyses were performed in Statgraphics
Centurion XVI.

6.3 Results
Zooplankton and water quality measurements were collected at 14
stations along the Caloosahatchee River estuary, extending from the Gulf of
Mexico to the Franklin lock and dam (Fig. 6.1). Maximum water-column
chlorophyll (the greatest concentration to occur at any depth in the water column)
and densities of Edotia triloba peaked at varying distances upstream in the
estuary.
Although data was collected for 24 consecutive months, only 22 months
were suitable for comparison of the chlorophyll and E. triloba peak locations
(Table 6.1). In August of 2008, E. triloba densities were low for the entire river
(<0.06 m-3), perhaps due to extremely high freshwater flow rates during this
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month (15-day average flow was 156 m3 s-1). In September of 2009, low
chlorophyll concentrations (<3 µg L-1) throughout the river resulted in the
absence of a clear chlorophyll peak. Thus, data from these two months were
omitted from data analyses.

Figure 6.1 Location of the 14 sample stations in the Caloosahatchee River
estuary, Florida, USA. Stations are labeled by the distance upstream from the
mouth of the estuary.
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Table 6.1 Location of E. triloba peaks, chlorophyll peaks, freshwater (FW)
velocity and acceleration. Organism offset quantifies the distance between E.
triloba and chlorophyll peaks.

Month - Year

Location of
E. triloba
peak (km)

Location of
chlorophyll
peak (km)

Organism
offset (km)

15-day FW
velocity
3 -1
(m s )

5-day FW
acceleration
3 -1 -1
(m s d )

May-08

34.4

37.1

-2.7

0.0

0.0

June-08

41.0

24.2

16.8

11.1

2.9

July-08

24.2

5.2

19.0

57.1

-1.5

August-08

*

26.9

156.4

-35.3

September-08

16.2

5.2

11.0

100.2

12.5

October-08

20.0

-5.9, 30.2**

25.9

33.8

4.9

November-08

37.1

26.9

10.2

12.5

0.9

December-08

30.2

24.2

6.0

13.7

1.7

January-09

41.0

26.9

14.1

19.1

4.5

February-09

10.6

26.9

-16.4

19.2

-6.6

March-09

26.9

26.9

0.0

0.3

0.0

April-09

30.2

30.2

0.0

11.9

-3.5

May-09

30.2

30.2

0.0

2.7

1.7

June-09

20.0

37.1

-17.1

61.4

-3.6

July-09

7.7

7.7

0.0

125.6

-1.5

August-09

7.7

16.2

-8.6

102.8

-10.9

September-09

16.2

***

79.8

11.2

October-09

20.0

20.0

0.0

26.1

-0.4

November-09

24.2

30.2

-6.0

0.2

0.0

December-09

20.0

20.0

0.0

22.5

-6.4

January-10

20.0

26.9

-7.0

17.3

2.8

February-10

30.2

41.0

-10.9

19.7

-9.3

March-10

16.2

16.2

0.0

82.5

-2.8

April-10

10.6

10.6

0.0

65.8

-3.5

-3

* No peak present; maximum E. triloba density <0.06 m
**Two chlorophyll peaks of similar magnitude occurred; -5.9 km peak used to calculate
organism offset
-1
***No peak present; maximum chlorophyll concentration <3 µg L

The locations of chlorophyll peaks were significantly related to the
freshwater flow from the Franklin lock and dam (Fig. 6.2). The location of E.
triloba density peaks were similarly correlated with velocity of freshwater flow
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(Fig. 6.2). However, the location of the E. triloba peaks did not always overlap
with the location of the chlorophyll peaks.

Figure 6.2 Locations of peak E. triloba density and chlorophyll concentration as
functions of 15-day averaged freshwater flow from the Franklin lock and dam.
Distance measured as kilometers upstream from mouth of the estuary.
Chlorophyll n = 24 (two chlorophyll peaks occurred in August 2008); E. triloba n =
23.

Of the 22 months analyzed, the maximum densities of E. triloba coincided
with maximum chlorophyll concentrations 8 times. Examples of downstream (n =
7), concurrent, or upstream (n = 7) relationships between E. triloba and
chlorophyll peaks are shown in Fig. 6.3. Velocities of freshwater flow are shown
in left-hand panels; lines of best fit through the five days of freshwater flow
leading up to sampling illustrate examples of accelerating, constant, and
decelerating freshwater flow. In these examples, E. triloba peaks upstream of
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phytoplankton during accelerating freshwater flows, downstream during
decelerating flows, and on top of phytoplankton during constant flow.
The calculated distance between E. triloba and chlorophyll peaks,
hereafter referred to as the “organism offset,” is positive when E. triloba occurs
upstream and negative when E. triloba is downstream of chlorophyll peaks
(Table 6.1). The relationship between this organism offset and acceleration of
freshwater flow for all 22 months is shown in Fig. 6.4a. Acceleration was
calculated from freshwater flow data from the day of sampling and the four
preceding days, as this five-day interval provided the highest correlation between
acceleration and the organism offset (Fig. 6.4b). In October of 2008, two
chlorophyll peaks of similar magnitude occurred in the estuary at 30.2 and -5.9
km stations; the downstream peak was utilized for calculation of the organism
offset for this month (Table 6.1). When chlorophyll peaks occurred in the wide
downstream regions of the estuary (see outlined symbols in Fig. 6.4a), isopods
often remained with the phytoplankton bloom in spite of decelerating freshwater
flow.
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Figure 6.3 Examples of E. triloba and chlorophyll distributions during accelerating
(a), constant (b), and decelerating (c) freshwater flow from the Franklin lock and
dam. Lines of best fit drawn through 5 days leading up to sampling (filled
symbols) to illustrate the determination of 5-day freshwater acceleration.
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Figure 6.4 Correlation between freshwater acceleration and organism offset (a).
Outlined symbols indicate both E. triloba and chlorophyll peaks occurred in the
downstream regions of the estuary (≤20 km from mouth). Pearson’s correlation
coefficients for the same relationship with various time intervals incorporated into
the calculation of freshwater acceleration (b).
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Figure 6.5 Phytoplankton deposition classes of E. triloba peak locations.

When E. triloba and chlorophyll peaks overlapped in the estuary, the
phytoplankton deposition classes (see Chapter 5) of these locations were
primarily early and late phytoplankton deposition (Fig. 6.5). It should be noted
that these two classifications are predisposed, as a high chlorophyll
concentration was one of the three attributes ascribed to early and late
phytoplankton deposition classes (Fig. 5.6). When E. triloba were offset from
chlorophyll peaks, the isopod locations were often classified as regions of benthic
dominance or post phytoplankton deposition (Fig. 6.5).

6.4 Discussion
The observed relationship between freshwater acceleration and organism
offset may be due to varied response times by phytoplankton and E. triloba to
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freshwater inflow. Phytoplankton deposition is likely an important food source for
E. triloba, as they often inhabit depositional zones within estuaries (Flannery et
al. 2002; Hartwell and Clafin 2005). When freshwater flows are constant, E.
triloba populations thrive in regions of chlorophyll blooms and deposition (Fig.
6.4a). However, during accelerating or decelerating freshwater flow, the net
movement of phytoplankton is up or downstream. Demersal E. triloba appears to
respond more slowly to these variations in freshwater flow, thus the isopods are
found in a presumed past location of a phytoplankton bloom rather than where
the current phytoplankton bloom is occurring.
The organism offset could be an intentional delay if the isopods are simply
remaining behind to feed on the organic matter left by the phytoplankton bloom
(Fig. 6.5). The offset could also be an indication of the response time necessary
for the isopods to move to the new location of the chlorophyll bloom by STST or
other mechanisms. Phytoplankton are suspended in the water column, and thus
they are passively transported by freshwater currents and tides (Laprise and
Dodson 1993; Hood et al. 1999). Benthic organisms must dislodge themselves
from the benthos and enter the water-column for maximum transport in river
currents (Queiroga et al. 1997; Hart and Finelli 1999).
A 5-day interval provided the highest correlation between freshwater
acceleration and organism offsets (Fig. 6.4b). This 5-day time period may reflect
the time it takes for isopods to deplete deposited organic matter and/or to find
new locations with phytoplankton deposition. Most planktonic taxa within the
Caloosahatchee River have a significant relationship between the location of
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their center of abundance and the freshwater flow rate (Tolley et al. 2010). The
significance of this relationship varies with the number of days incorporated into
the calculation of freshwater flow rate (Tolley et al. 2010), implying that species
have different response times to changes in freshwater flow.
Chlorophyll and E. triloba peaks in the downstream regions of the river
were not sensitive to moderate decelerations in freshwater flow (outlined symbols
Fig. 6.4a), as the two peaks frequently coincided. This may be because
freshwater flow velocity has a greater influence on the narrow upstream reaches
of the estuary, while wind and tidal forces are more important in the wide,
downstream regions of the estuary (Dalrymple et al 1992; Xia et al. 2010). A saltwater wedge extends varying distances upstream in the Caloosahatchee estuary
(Tolley et al. 2010; Xia et al. 2010). This stratification may isolate downstream
benthic organisms from changes in freshwater acceleration as the freshwater
flows over the dense saline bottom water (Zakardijian et al. 1999). Large
organism offsets did occur in the downstream regions of the estuary during
drastic changes in freshwater flow, which happened to be the greatest rates of
acceleration and deceleration in the observed time periods (Fig. 6.4a).
Sampling was consistently conducted on a flood tide, which may have the
effect of pushing phytoplankton in the upper water-column upstream relative to
the benthic isopods (Laprise and Dodson 1993; Zakardijian et al. 1999).
However, given the relatively equal distribution of positive, negative, and 0 km
organism offsets, tides did not appear to cause a uniform influence on the
distance between isopod and phytoplankton peaks.
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Sampling at monthly intervals provided only a snapshot of the complex
dynamics within an estuary. Simultaneous collection of both zooplankton and
water quality data made it difficult to determine the cause for estuarine animal
aggregations, particularly if the reason stems from conditions immediately
preceding the survey. In this study, water flow data for the dates preceding the
survey were the most useful in explaining the organism offset from
phytoplankton. A study with higher temporal resolution would be necessary to
confirm that isopods aggregate in regions of prior phytoplankton blooms.
Freshwater flow acceleration and organism response times may also help
to explain coordinated aggregations of other zooplankton species. The organism
offset described here may represent a spatial mismatch due to varying response
times to changes in water velocity. Or, it may be evidence of isopods remaining
behind to capitalize on phytoplankton deposits. Whatever the cause of this offset,
the results of this study indicate that rates of acceleration or deceleration of
freshwater releases should be taken into account in addition to overall velocity
when managing ecosystems downstream of freshwater dams.
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Chapter 7. Conclusion
7.1 Global trends in eutrophication and basal resources
The concentrations of phosphorus and nitrogen in terrestrial runoff have
increased globally due to land development, industrial activity, and application of
fertilizers in urban and agricultural areas (Rabalais et al. 1996; Vitousek et al.
1997; Carpenter et al. 1998). Harmful results of eutrophication include toxic and
nuisance algal blooms, increased phytoplankton production and sedimentation,
hypoxia, loss of biodiversity, and loss of complex benthic ecosystems such as
seagrass beds and coral reefs (Rabalais et al. 1996; Carpenter et al. 1998; Wu
2002). While some pelagic species may benefit from surplus phytoplankton
production, increased light attenuation and decomposition-induced hypoxia are
harmful to benthic food webs (Vitousek et al. 1997; Caddy 2000). Under hypoxic
and eutrophic conditions, pelagic fish become more common than demersal fish
species, and macrobenthic organisms are replaced by meiobenthos (Caddy
2000; Wu 2002).
The importance of benthic algae to coastal consumers was demonstrated
in the WFS study (Chapters 3 and 4) when all seven fish species relied on
benthic algae for 47-100% of their biomass (Table 4.2). The otter-trawls used in
the SEAMAP surveys targeted coastal demersal fish; fish species in a more
pelagic environment would likely demonstrate greater reliance on phytoplankton
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as a basal resource (Berglund et al. 2007; Graham et al. 2010). The biomass of
benthic primary production often exceeds that of phytoplankton, yet this biomass
pathway is vulnerable light attenuation from phytoplankton blooms (Cahoon and
Cooke 1992; MacIntyre et al. 1996). A review of nutrient-poor lakes suggests
that reduction in benthic primary production as a result of high light attenuation
can reduce the amount of fish production (Karlsson et al. 2009). In this study, fish
production was correlated with benthic primary production and zoobenthic
biomass rather than with phytoplanktonic production (Karlsson et al. 2009). With
current trends in coastal eutrophication, relying on benthic production may prove
to be a liability for demersal fish populations (Cahoon and Cooke 1992; Caddy
2000; Baustian et al. 2011).
Settled phytoplankton can provide organic matter to benthic consumers
(Marsh and Tenore 1990; Quijón et al. 2008; Grippo et al. 2010). The isopod
Edotia triloba aggregated in chlorophyll blooms in the Caloosahatchee River
(Chapter 6), and freshwater flow acceleration data indicated the isopods
remained in regions of past phytoplankton sedimentation. The results of the
phytoplankton sedimentation study (Chapter 5) showed bloom and deposition
events can result in decreased oxygen levels. These conclusions of Chapters 5
and 6 demonstrated that phytoplankton deposition can both help and harm
benthic consumers. The detection method developed in Chapter 5 can be
applied at higher spatial and temporal replication in order to monitor ephemeral
phytoplankton blooms and their impact on estuarine consumers.
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7.2 Small-scale and large-scale isotopic trends
PAR was significantly correlated with both algal δ13C values and
community-level isotopic fractionation in the field fractionation study (Chapter 2,
Fig. 2.5). While the 5‰ difference between δ13C values of phytoplankton and
benthic algae has traditionally been attributed to reduced εp due to restricted CO2
diffusion through a stagnant boundary layer (Smith and Walker 1980; France
1995), these results imply that limited light availability at the benthos may also
contribute to high δ13C values of benthic organic matter.
εp and δ13C values of primary producers are inherently difficult to predict in
a natural setting. In spite of all the variables monitored in the fractionation study
(Chapter 2), the best model, based upon PAR and algal type, explained only
56% of observed variability in community level fractionation (Fig. 2.6). δ13C was
similarly difficult to predict in the WFS model (Chapter 4), with the best model
explaining only 54% of the variability (Table 4.4). The remaining unexplained
variability may be due to nonlinear interactions between influential factors or to
other factors that were not directly quantified (Laws et al. 1997; Bade et al.
2006).
In the fractionation study, PAR had a negative relationship with algal δ13C
values (Fig. 2.5); however on the WFS, PAR had a positive relationship with
baseline δ13C values (Tables 4.3). As previously discussed, light availability and
algal growth rate are intrinsically linked, yet they can each have opposing
influences over εp (Laws et al. 1995; Riebesell et al. 2000; Rost et al. 2002). The
ATP provided by light reactions supports two steps of the photosynthetic
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processes: active carbon uptake into the cell through carbon concentrating
mechanisms and carbon fixation. If active carbon uptake increases relative to
rates of carbon fixation, εp will increase in response to high CO2 availability within
the cell (Riebesell et al. 2000; Rost et al. 2002). If rates of carbon fixation
increase relative to carbon influx, εp will decrease. The ratio between carbon
uptake and carbon fixation determines the magnitude of εp, yet both of these
processes are impacted by PAR, CO2 concentration, growth rate, and nutrient
availability (Burns and Beardall 1987; Laws et al. 1997; Riebesell et al. 2000;
Rost et al. 2002). High PAR can result in high, low, or constant εp depending
upon which variable is the growth-limiting factor (Cooper and DeNiro 1989;
Riebesell et al. 2000; Rost et al. 2002).
Chapters 2-4 show that primary producer δ13C values are widely variable
on both small and large scales, reinforcing the need for broad sampling patterns
in trophic studies based on stable isotopes (Casey and Post 2011). Benthic δ13C
depth gradients on continental shelves and coastal waters may be a global
phenomenon (Fry 1988; Cooper and DeNiro 1989; Nerot et al. 2012), which
complicates isotopic mixing-model calculations of basal resource use in these
regions (Casey and Post 2011). While stable isotopes are powerful endogenous
tracers, temporal sampling patterns should reflect turnover rates of consumers.
The isotopic signatures of consumers are less noisy than those of short-lived
primary producers, providing integrated isotopic signals of their food sources
(Post 2002).
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The shift from eutrophic to oligotrophic ecosystems on the WFS was
clearly apparent in the δ15N latitudinal/longitudinal gradient. This isotopic trend
provides biochemical evidence of a gradient of nutrient origins, likely from fluvial
sources to nitrogen fixation. Because trophic gradients and oceanic fronts alter
isotopic values on many continental shelves (Mauna et al. 2010; Nerot et al.
2012), isotopic values should not be extrapolated beyond regions that are directly
sampled. The δ15N baseline was fairly consistent on the WFS, implying that
nutrient sources along this trophic gradient remained annually and seasonally
stable.
The established isoscapes on the West Florida Shelf and the significant
isotopic gradients with depth and longitude provide the necessary foundation for
isotope-based migration studies. The models, based upon publicly-available
satellite data, offer a method to calculate location and time-specific estimates of
the isotopic baseline without costly ship time. With the established range of
isotopic values and the known importance of basal resources, these fish species
can be monitored for future trophic variation that may accompany global trends in
eutrophication.
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